T

ADA115977

" -

(-3

AFRPL-TR-81-097

NG TECH L06Y L

Fracture Energy Method Development

Authors: K. W. Bills, Jr.
R. A, Schapery

AEROJET STRATEGIC PROPULSION COMPANY

P.0. Box 15699C
Sacramento, California 95813

May 1982

Final Report for the Period August 1978 through November 1981

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

The AFRPL Technical Services Office has reviewed this report,
and it is releasable to the National Technical Information
Service, where it will be available to the general public,

including foreign nationals.

Prepared for

DT FILE CoPY*

AIR FORCE ROCKET PROPULSION LABORATORY
DIRECTOR OF SCIENCE AND TECHNOLOGY

AIR FORCE SYSTEMS COMMAND

EDWARDS AFB, CALIFORNIA 93523

|

o, ELECTE

TIC




T O WmATwem— T

TR PN T Ay T

LA A o B

e et et W——at o o= an s

NOTICES

When U.S. Government drawings, specifications, or other data are used for any purpose

other than a definitely related Government procurement operation, the fact that the
Government may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other datq, Is not to be regarded by implication or otherwise, or in any .
manner licensing the holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented invention that may be related thereto.

FOREWORD

This re. rt was submitted by Aerojet Strategic Propulsion Company, P.O. Box 15699,
Sacramento, CA 95813 under Contract FO4611-78-C-D076, Job Order No. 573013JJ with the
Air Force Rocket Propulsion Laboratory, Edwards AFB CA 93523, The ieport is contained
in three volumes each with its own report number:

Volume | - Fracture Energy Method Development, AFRPL-TR-81-97,
Volume |l - Liner Development, Characterization, and Aging, AFRPL-TR-81-98.
Vclume Il - Liner Development Methodology Manual, AFRPL-TR-81-99

This Final Report is approved for release and publication in accordance with the distribution
statement on the cover and on the DD Form [473.

vy St
R G. CER apt, USAF

. JORMN"MOSS,
Project Manager Ch, Mechonical Behavior and
Aging Section

FOR THE DIRECTOR

< / e
c'FéAR@és&; SO0K ﬂf‘a'

N

< Director, Soifd RocketBivision

g e

-y p——

duka 2 ndaik skl

o,

2

it i

D e laadltia e

k-;AAAuK‘M-M.I s -




SECURITY CLASSIFICATION OF THIS PAGE (When Dete Fntared)

: READ INSTRUCTIONS -
REPORT DOCUMENTATION PAGE perEAD INSTRUCTIONS .
! [T REFPORT NUMBER 2. GONT ACCESSIQNINQLS. RECIS S CAYALOG NUMBER ;
i N H
- AFRPL-TR-81-097 })‘i}]ﬁ ?7 ;
i L 4. TITLE (and Subtiile) 5. TYPE OF REPORY & PERIOD COVERED :
LINER TECHNOLOGY PROGRAM Final Report
FRACTURE ENERGY METHOD DEVELOPMENT August 1978 - November 1981
6. PERFORMING ORG. R!-P—ORT NUMRAER :
7. AUTHOR(as) 8. CONTRACT OR GRANT NUMBER(e)
Mr. Kenneth W, Bills, Jr.
Dr. Richard A. Schapery F04611-78-C-0076
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
Aerojet Strategic Propulsion Company AREA & WORK UNIT NUMBERS : i
Chemical Research and Development 573013JJ
P.0. Box 15699C, Sacramento, California 95813
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Air Force Rocket Propulsion Laboratory/MKPA May 1982
Edwards AFB, California 93523 3. NUMBER OF FAGES
286
T4 MONITORING AGENCY NAME & ADDRESS(If dilfsront from Controlling Ollice) 18. SECURITY CUL ASS. (of this repor()
Unclassified
1Sa. DECLASSIFICATION DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Repori:
Approved for Publi- Release; Distribution Unlimited

17. DISTRIBITION STATEMENT (of the abetract entered In Fluck 20, if different from Report)

18. SUPPLEMENTARY NOTES

'3 KEY WOROQDS 7Continue on reversa side If necessary and fden’ify by block number)

Solid propellant J integral
liner measure of fracture energy
adhesive bond test methcds

fracture critecrion

fracture mechanics

Q ABSTRACT rConiinue »n raverse side I necesssry and Identify by block number)

“The objective was to develop a test method for the measurement of adhesive ard
cohesive fracturc cnergy in a form that would permit the evaluation in engineer-
ing terms of the propellant liner bondline. After screening existing test
specimens, the scarf-joint specimen was selected as the one that most closely
met the AFRPL criteria. The J integral fracture criterion was extended to
account for the nonlinear viscoelastic effects of solid propellant; and theorii;l

ically applied to the data analysis ot this test. The test speciman was
optimized using 1-, 2- and 3-dimensional stress analyses plus simple experimenta

FORM
oD 1 JAN 73 ]473 EDITION OF ' NOV 88 18 DBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




‘ ECURITY CLASSIFICATION OF THIS PAGE(When Date Bntered)

3

evaluations. Experiments included tests under superimposed pressures, combined
tension and shear, and simultaneous cooling and deformation. Comparisons were
made with other test methods and on specimens cut from motors.

i

[RES F RPN PN ORI R R

o okt N e

i
SECURITY CLASSIFICATION OF THIS PAGE’When Dete Nnlered) ‘l ’
}




TABLE OF CONTENTS :
Page No.
) 1.0 Introduction 12 !
1.1 Objectives 12 s'
, 1.2 Approach 13 ?
1.3 The J Integral and its Relatfon to Other Fracture 14 g
Criteria é
1.4 Report 16 L
2.0 Characterization and Analysis of Fracture Initiation in 17 %1
Solid Propellant by a Generalized J Tntegral i
2.1 J Integral Theory for Nonlinear Elastic Media 17
2.1.1 Experimental Determinatior of J Integral 21
2.1.2 Relation of J to Fractuire Initiation 24
2.2 Generalized J Integral for ‘wnlinear Viscoelastic 2%
Materials
2.2.1 Primary Results of Reference (9) Applicable 25
to Solid Propellant
2.2.2 Comparison of J Integral Methods 29
2.2.3 Motor Applications 31
2.2.4 Summary of Specific Advantages of the J 35
Integral
2.2.4.,1 Analysis 35
2.2.4.2 Experiment 36
2.2.5 Experimental Determination of Critical 36
J Integral for Fracture Initiation
3.0 Selection of Candidate Test Specimen 41
3.1 Specimen Survey 41
3.2 Screeuing Against AFRPL Criteria 41
7.3 Design Morphology 52
3.4 Preliminary laboratory Screening Tests 57
3.4.1 Specimen Behavior 57
3.4.2 Preliminary Assessment of Scarf-Joint Dimensions 59

3.4.3 Experimental Determinations of Interaction
Distances Between the Crack Tip and Specimen 64
Boundaries




TABLE OF CONTENTS (Continued)

Page No.
4.0 Stress and Fracture Analysis of Scarf-Joint Specimens 65
4.1 Introduction 65 ‘
4.2 Two-Dimensional Analysis of Uncracked Specimens 65
for Thickness Effects .
4.3 Two~ and Three-Dimensional Stress Analysis of 73
Cracked Specimens
4.4 Parameters Related to Fracture in Scarf-Joint 35 -
Specimens
5.0 Standaréization of Preparation and Test Procedures 100
5.1 Empirical Refinements to Specimen Design 100
5.1.1 Edge Stress Relief 100
5.1.2 Optimizetion of Initfal C.ack Length 102
5.1.3 Further Considerations of Specimen Size 103
5.2 Crack Detection and Displacement Measurements 106
5.2.1 Specimen Displacement Measurements 108
5.2.2 Detection of Crack Initiation 108
5.2.2.1 Concept 108
5.2.2.2 Tests on Specimens Cut from Motors 110
5.2.2.3 Operating Frequencies 113
5.2.2.4 Optimum Placement of PZT Crystals 113
Relative to the Crack Tip
5.2.2.5 Final Design of the Scarf-Joint 115
Specimen with Acoustic Profilography
5.3 Data Acquisition System 115
5.4 Toes and Holes 117
5.4.1 Toes in Force-Time Trac? 117
5.4.2 Liner Fractures in Advance of Crack Propagation 119
5.5 Data Reduction Methods 122
5.5.1 General Method of Data Reduction 122
5.5.2 Power~Law Relation 123

5.5.3 Preferred Pattern of Tests 134




TABLE OF CONTENTS (Continued)

Page No.
- 6.0 Evaluations Under Stress Conditions that Duplicate 135 H
Those in a Motor

E 6.1 Effects of Superimposed Pressures 135

E 6.2 Tests Under Combined Tension and Shear 143

E: 6.3 Simultaneous Cooling and Straining Tests 156

! 7.0 J Integral Evaluations by Other Test Methods 163

E 7.1 Strip-Biaxial Tensile Tests 163

£ 7.2 Cylindrical Peel Tests 169

E 8.0 Testing of Dissected Motor Specimens and Evaluations 178 i
E of Test Repeatability ,
é 8.1 Evaluations of Motor Bond Systems 178 ‘
H 8.2 Tests of Specimens Dissected from Polaris A-3 182

i Motor S/N 2864
E 8.3 Tests of Specimens Dissected from Minuteman III - 187
3 Motor S/N AA20147

C 8.4 Measurement of Level of Experimental Error in 193 i
: Scarf-Joint Test .
é 9.0 Acknowledgements 204 ]
; References 205 ;%
! Appendix A A-1 [%
i Appendix B B-1
; Appendix C Cc-1 ]

my

e e atn

T YT L R I e e ey

- e gpm
]
w
[]
potrshey




[~ S

- —— et e

FIGURE LIST

Contour Used to Evaluate the J Integral in Equation (2)
Biaxial Strip Specimen

Force-Displacement Curve

Area Under F - U Curve versus Crack Length

J versus Axial Extension

Sample Motor Program (from Reference 13)

Force-Displacement Data from Biaxial Samples Under
Tensile Loading at O°F

NOL Fracture Block

Anti-Plane Shear Specimen

Plane Stress Test Specimen

Strip-Biaxial Sheet Specimen

Twin Rail Specimen

Scarf-Joint Specimen

Cylindrical Peel Specimen

Poker Chip Specimen

Tensile Sleeve Specimen

Round-Flapped Case Bond Tensile Sample
Plane Stress Fracture Specimen

Double-Lap Shear Specimen

Adhegive Fracture Toughness Specimens
Double-Notch Test Specimen

End-Pressurized Cylinder

Admissible Modes of Extension

Specimen Morphology (General)

Modes of Crack Extension in Motors
Dimensional Morphology of Rectangular Specimens
Strain in DP-21 Biaxfal Strip

Strain Distribution in DP-21 Biaxial Strip
Dimensional Parameters in Scarf-Joint Test
Scarf-Joint Specimen Geometry and Coordinate Notation

Parameters Used in Two-Dimensional Analysis of
Uncracked Samples

-4~

Figure

[ BN VR S

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Page No.

18
22
22
23
23
32

37

42
42
43
43
b4
44
43
4s
46
46
47
47
48
48
49
53
54
55
56
58
60
60
56

66

E

S




IS I
v

Lt Danaliih oy

T

e S

L

Ty T TR g ¢ T

FIGURE LIST (Continucd)

Axial Stress 9., Along Line a-b (g) for Ez Axial
Extension

Axial Stress o__ Along Line d-c (Grip Edge) for Ez
Axial Extension

Shear Stress 0 _ Along Line d~c¢ (Grip Edge) for Ez
Axial Extensiof

Axial Stress ¢ 2 Along (g) (¥X=0) a-d for Ez Axial
Extension

Ax1al Stress 0__ Along Edge (x=2/2) b-c for Ez
Axial Extension

Axial Stress 9., Along Line d-c¢ (Grip Edge) for aAT
Thermal Strain

Shear Stress ¢ Along Line d-c (Grip Edge) for aaT
Thermal Strain

Effective Modulus Ratio for Specimen Subjected to
Axial Extension Along Line a-b for v = 1/2

Typical Finite Elemenrt Representation Used For Plane
Stress/Strain Analysis With TEXGAP (157 8-node
quad elements plus crack-tip element)

Typical Finite Element Representation Used For Three-
Dimensjonal Analysis With AGGIE 1 (64 20-node elements
above crack plane; quadratic Jdisplacement function

used along element edges and cubic function used within
element)

Nodal Points Used in Three-Dimensional Representation
of a Crack in AGGIE I

Distribution of Normalized Shear Stress, at_Z = 2 in.

(Top grip edge) 2a = 1.0 in., b = 1.0 in., e_ Applied,
z

Central Crack

Distribution of Normalized Shear Stress 28 = 1.0 {in.,
Piane Strain, €, Applied, Central Crack

Distribution of Normalized Shear Stress at a = 0.5 in.,
Plane Strain, €, Applied (Edge Crack)

Distribution of Normalized Axial Stress at z = b,
(Along Crack Plane), Plane Strain, €, Applied

Distribution of Normalized Axial Stress at Z = b
(Along Crack Tip Front), £, Applied

Distribution of Norm~lized Shear 3tress at a = 0.5 in.,
Plane Strain, Uyz Applied, Fdge crack

-5-

Figure

32

33

35
36
37
38

39

40

41

43

44

48

Page No.

68

68

69

69

70

70

71

71

~1
A\

79

79

80

80

81

ke,

R



FIGURE LIST (Continued)

Figure Page No.
Distribution ot Normalized Axial Stress at Z = b
(Along Crack Plane), Plane Strain o Applied, 49 83
. ye .
Edge Crack
Normalized Surface Contraction Along the Plane of a 50 84
Three~Dimensional, Central Crack for Three Crack Lengths
Effective Stiffness Ratio vs. Crack Length, b = 1.0 inch 51 87
(Central Crack), €, Applied
Effective Stiffnegs Ratio vs. Crack Length, b = 0.1 inch 52 87
(Central Crack), e, Applied
3 Effective Stiffness Ratio vs. Crack Length, Soft Liner,
g b = 0.1 inch (Central Crack), € Applied, Three 53 88
Dimensional Analysis z
: Effective Stiffnegs Ratio vs. Crack Length, b = 0.1 inch
E < 54 88
3 (Central Crack), sz Applied
: Et fective Stiffness vs. Crack Length, Soft Liner,
: S = 0.1 inch (Central Crack), ¥y 2 Applied Three 55 89
: Dimensional Analyses y ]
: Effective Shear Moduli for Centered Cracks under Shear 56 89
Displacement
Effective Stiffness Ratio vs. Crack Length, Plane 57 90 3
; Strain (Edge Crack), €, Applied 3
g Effective Stiffness Katio vs. Crack Length, Plane 58 90 3
Strain (Edge Crack), oyz Applied 1
Candidate Designs for Edge Stress Kelief S9 111 ]
Plot of Integral of cu™ versus 2a' 60 104 ]
Curling Along Sides and at Ends of Cversized Scarf- .
, 61 107
Joint Test Specimens
1
Parallel Displacement Monitoring Fixture for the [
- €2 109 3
Scarf-Joint Specimen :
Crack Detection by Acoustic Profilography 613 111
Detection of Crack Initfation 64 111 %
Acoustic Transmission Output Through Sample With and . :
. - 65 112
i, Without the Tiecaniam Case
‘ Set-up of Test for Lvaluating the Optimum Placement \ ;
b 66 114 i
; of Receiver Crystal :
! Test to Determine Optimum Placement of PZT Receiver 67 114
Crystals
scarf-Joint Specimen with Acoustic Profilography 68 116 !

!
L
[
1
'
i
i
b

-0-

b had ks, ke s

i

3
A T T T e ————— . Sm v L amamtireosow e



s

3
]
E,

gt

N s imay Y .-
- a "A<~.“L‘m

FIGURE LIST (Continued)

Improvements in "Toe'" of the Force-Time Trace
Tunnel and Cone Fractures in Liner Near the Crack Front

Micro-fracturing and Response Behaviors of Propellant-
Liner Bond Specimen. Comparison with Optimum Regression
Line

J Integral versus U as Determined by General Method

Fixtures for Testing the Scarf-Joint Specimen in
Combined Tension and Shear

Scarf-Joint Specimen with Extensometers Mounted for
the Measurement of Shear and Normal Components
of the Deformation

Shear Component Extensometer (Used in measuring shear
deformation in combined tenszion/shear test configuration)

Cylindrical Peel Specimen
Bond Alignment Fixture

Bonding and Cutting Alignnont Fixture and Cutting
Blade for Motor Specimens

-7-

Figure

69
70

71
72

73

74

76
77

78

125

145

147

148

17
180

181

!




“."r'l W'“

: TABLE LIST
Table Page No.
AFRPL Screening Criteria for Selecting Candidate 1 50
Propellant and Bond Test Specimens
Experimental Assessments of Dimensional Variations 2 62
: in the Scarf-Joint Test Using Propellant Alone
’ Effect of Poisson's Ratio. Uniform Axtal Extension 3 74
€, Applied. H = 2.0 Inch
Normalized Nodal Point Forces Along Crack Edge Under 92
Tensile loading, Central Crack, 2a = | Inch, b = 0.1 Inch
Nermalized Effective Moduli for Three-Dimensional and S 94
Plane Stress States
Normalized Two~Dimensional Stress Intensity Factors 6 96
Experimental Assessments of Dimensionali Variations 7 105
(H = 2 in.) Using ANB-3066/SD-851-2/V-45
J Integral Values Following the General Method 8 124
of Analysis
Critical Values of the J Integral 9 126
°
Determination of (n) from Specimens Tested at O°F 10 128

at Atmospheric Pressure

Determination of (m) from A Values Taken on Specimens

129
Tested at O°F at Atmospherig Pressure 1
Determination of (2K{a)/32a') from Specimens Tested
o R 12 131
at 0°F at Atmospheric Pressure
Determination of J;. Critical from Specimens Tested at 13 132
0°F at Atmospheric Pressure
Determination of the Constancy of Critical Ratio f UC/K{a) 14 133
from Specimens Tested at O°F at Atmospheric Pressufe
Tests Conducted Under Superimposed Pressures Using the 15 136
Standard 3pecimen with ANB-3066/SD-851-2/V-45
Derived Values from Tests of ANB-3066/SD~851-2 16 137
Propellant/Liner Bond at Atmospheric Pressure and 0°F
Derived Values from Tests of ANB-3066/SD-851-2
Propellant/Liner Bond Under a Superimpcsed Pressure 17 138
of 500 PSIG at O°F
Derived Values from Tests of ANB-3066/5D~851-2 1
v Propellant/Liner Bond Under a Superimposed Pressure 18 139 5
of 1000 PS1G at O°F
Derived Values from Tests of ANB-3066/SD-851-2 19 140 1

Propellant/Liner Bond at Atmospheric Pressure and 77°F




TABLE LIST (Continued)
Table ~  Page No.

Derived Values from Tests of ANB-3066/SD-851-2
Propellant/Liner Bond Under a Superimposed Pressure 20 141
of 500 PSIG at 77°F

Derived Values from Tests of ANB-3066/SD-851-2
Propellant/Liner Bond Under a Superimposed Pressure 21 142
of 1000 PSIG at 77°F

Summary of Reduced Test Parameters for the Superimposed
Pressure Tests of ANB-3066/SD-851-2 Propellant/Liner 22 144 !
Bond at O and 77°F

Tests Under Combined Tension and Shear Using the Standard

Specimen with ANB-3066/5D-851-2/V-4S, Propellant/Liner/ 23 150
Insulation

Derived Values from Bondline Tests at a Scarf Angle of

30° at O°F. Tests of ANB-3066/SD-851-2 Propellant/ 24 151
Liner Bond

Derived Values from Bondline Tests at a Scarf Angle of

45° at 0°F. Tests of ANB-3066/SD-851-2 Propellant/ 25 152
Liner Bond

NDerived Values from Bondline Tests at a Scarf Angle of
30° at 77°F. Tests of ANB-3066/SD-851-2 Propellant/ 26 153
Liner Bond

Derived Values from Bondline Tests at a Scarf Angle of

45" at 77°F. Tests of ANB-3066/SD-851-2 Propellant/ 27 154
Liner Bond

Summary of Combined Tension and Shear Tests of ANB-3066/ 28 155
SD-851-2 Propellant/Liner Bond

Test Plan for Simultaneous Cooling and Straining 29 158

Measurements of ANB-3066/SD-851-2/V-45

Derived Values from Simultaneous Cooling and Straining
Tests of the ANB-3066/SD-851-2 Propellant/Liner Boad 30 159
(Cooling from 125 to 70°'F)

Derived Values from Simultaneous Cooling and Straining
Tests of the ANB-3066/SD-851-2 Propellant/Liner Bond 31 160
(Cooling from 125 to 40°F)

Derived Values from Simultaneous Cooling and Straianing
Tests of the ANB-3066/SD-851-2 Propellant/Liner Bond 32 161
(Cooling from 125 to 0°F)

Summary of Simultaneous Cooling and Straining Tests of 33 162
ANB-3066/5D-R51-2 Propellant/Liner Bond

Tests Conducted on St:ip Biaxial Tensile Specimens with 14 164
ANB-3066/SD-851-2-V=-45

A Sl & SR ¥ ~ o  Serpl od g Svrebe ofdiind gee |



TABLE LIST (Coutinued)

Derived Values from Strip Biaxial Teneile Tests of
ANB-30A6/SD--851-2 Propellant/Liner Bond at 77°F

Derived Values from Strip Biaxial Tensile Tests of
ANB-3066/SD-851-2 Propellant/Liner Bond at O°F

Summary of Reduced Test Parameters for the Strip-Biaxial
Tensile Tests of ANB-3066/SD-851-2 Propellant/Liner Bond
at 0 and 77°F

Cylindrical Peel Tests of Specimens with ANB-3066/
$D~851-2/V~45 Propellant/Liner/Insulation

Derived Values from Cylindrical Peel Tests of ANB-3066/
SD-851~2 Propellant/Liner Bond at 77°F

Derived Values from Cylindrical Peel Tests of ANB-3066/
SD~851~2 Propellant/Liner Bond at 0°F

Sunmary of Reduced Test Parameters for the Cylindrical
Peel Tests of ANB-3066/SD-851-2 Propellant/Liner Bonds
at 0 and 77°F

Tests of Specimens Dissected from Polaris A-3 Motor
S/N 2864

Derived Values from Scarf-Joint Tests at 77°F of
Specimens Digsected from Polaris A-3 Motor S/N 2864

Lerived Values from Scarf-Joint Tests at O°F of
Specimens Dissected from Polaris A=3 Motor S/N 2864

Sumnary of Reduced Parameters from Scarf-Joint Tests
of Specimens Dissected from Polaris A-3 Motor S/N 2864

Initial Tests of Specimens Dimsected frowm Minuteman III
Stage 2 Motor S/N AA20147

Comparisons of Deformation Behaviors of Specimens
Prepared from Cartons and from Motors With and Without
Surface Hardening

Repeat Tests at 77°F of Specimens Dissected from
Minuteman TIl Stage 2 Motor S/N AA20147

Derived Valucs from Scarf-~Joint Tests at 77°F of
Specimens Dissected from Minuteman III Stage 2
Motor S/N AA20147

Summarv of Reduced Parameters from Scarf-Joint Tests
of Specimens Dissected from Minuteman II11 Stage 2
Motor S/N AA20147

Tests to Measure the Level of the Experimental Error
(Standard Specimen with ANB-3600/SD-923/W5-15353)

~-10-

Table

35

36

37

39

40

41

L2

43

44

45

46

47

48

49

50

51

Page No.

165

166

167

170
175

176

177

183
184
185
186

188

189

190

191

192

195




T e e ey P R

:

TABLE LIST (Continued)

5 Table Page No.
- Test Matrices for Determining Level of Experimental

i- . Error at 77°F (Standard Specimen with ANB-3600/SD-923/ 52 196
1 WS-15353)

E Derived Values from Scarf-Joint Tests at 77°F of

=t ANB~3600/SD-923, Propellant/Liner Bond 53 197
A (Operator 1, Batch 1)

Derived Values from Scarf-Joint Tests at 77°F of
ANB-3600/5SD-923, Propellant/Liner Bond 54 198

(Operator 2, Batch 2)

Summary of Reduced Parameters from Scarf-Joint 57 201
Tests at 77°F of ANB-3600/$D-923, Propellant/Liner Bond

i3

3 (Operator 1, Batch 2)

g% Derived Values from Scarf-Joint Tests at 77°F of

3 ANB-3600/5D-923, Propellant/Liner Bond 55 199

i (Operator 2, Batch 1) ,

< i Derived Values from Scarf~Joint Tests at 77°F of
3 ANB-3600/S8D~923, Propellant/Liner Bond 56 200
H

N R

Ay

(‘s

adtd

s TSRS T I APT Y v T e -

M EECORNAN 4 T4
= et R IMIRTRP ST
‘ €
- il

-11~-




|
LS
b
5
b
4
¢

S

B o e T

.

T T T T

1.0 INTRODUCTION

The Phase I efforts reported here were performed as part of a two-phase
study pregram. The Phase 11 final report and the Liner Development Methodology

Manual are presented ir Volumes IT and III, respectively.

An overview of Phase 1 is provided below, This includes the objectives

of the work, the approach followed, and a brief description of the J integral
fracture criterion.

1.1 OBJECTIVES

The objective of Phase I 1s to develop a test method for measuring

adhesive and cohesive fracture energy which will permit the evaluation of

bondline strength in engineering terms. The specific goals of the test method,

as get forth in the contract, are as follows:

Y The test method must be scientifically sound and analyzable.

o The test specimen shall have the following characteristics:
® Failure initiation from a controlled and analyzable
singularity.

® Allow failure at the location of weakest strength in the
vicinity of the bond.

® Provide engineering data that are independent of specimen
geometry.

® Be amenable to analysis to evaluate stresses and atrains
directly related to motor rnalyses.

° Duplicate the various stress conditions that can exist
in motors.

o Be amenable to preparation from dissected motors.
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® The test method shall be evaluated with n well-characterized,
operational propellant/liner/insulation system, and veriflied

with other well-characterized systems.

® The test method shall be evaluated for repeatability.

1.2 APPROACH

The approach taken was to employ a fracture energy relationship
that would:

1. Permit direct measurements of the fracture energy (e.g., no
geparate measurements of material moduli, which are highly
inaccurate in the stratified propellant/liner/case bond

structure).

2. Permit measurements even when the material is nonlinear

viscoelastic.

The J Integral criterion meets these requirements and provides for
straightforward analytical and testing approaches. The theoretical basis
for this criterion has been extensively improved by Dr. R. A. Schapery and
is now considered to be applicable to nonlinear viscoelastic propellants tested

under finite deformations.

The optimum test specimen was selected from an extensive acreening
of a number of possible bond test methods that have been, or could have been,
used {in the propellant industry. A morphological approach was developed at
the end of this screening that greatly simplified the selection method. The
scarf-jolnt design was finally selected as the optimum specimen. The dimen-

sicns were selected after extensive laboratory tests and after many 1-, 2-

and 3-D structural analyses.
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A sophist icated method for monitoring movement of the crack front
employed the transmission of ultrasound between the end plates. Even though

not utilized on any of these tests, the method could te used to monitor rates

of crack propagation.

Standardized laboratory methods for preparing and testing the
specimens were developed over a series of tests. The size and placement of
the initial cracks were quite important, as were specimen alignment and edge
effects. Data analysis methods also had to be evaluated and put into forms

that were realistic for solid propellant test results.

Applicatious of the standardized test involved specimens cut from
the Minuteman Stage 11 and Polaris A3 Stage Il motors. These specimens re-
quired special end plates and crack cutting procedures because of the curvature

in the cases.

A number of tests were conducted to determine the repeatabilicy
ot the standardized test. The testing followed a Graeco-Latin square test
grid and evaluated batch~to-batch and operatour-to-operator variances as well

as the teat experimental error. The experimentel error was found to be very

small.
1.3 THE J INTEGRAL AND ITS RELATION TO OTHER FRACTURE CRITERIA

At this point 1t is sufficient to provide only a simple description
of the J integral*. See Section 2 for a more complete presentation which
extends the concept to nonlinear viscoelastic materials, including finite

deformat ions.

Conceptually, .J is a line integral taken around the crack tip. One
of its primatry strengths is that its valuc is independent of the path taken

around the crack, even if some of the paths involve plastic deformations and

* In common with the stress-intensity factor K, there are separate values

of J for the opening mode (JI)' shear mode (7. ), and tearing mode (JITI)'
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other paths do not. The {llustratlon given below for an arbitrary path R
around the crack tip begins at the lower crack surface on the left and

proceeds counter-clockwise around to the upper surface of the crack.

- X

Crack ‘\\\\-—‘//r
Opening

Arbitrary line integral comntour
around the crack tip.

For linear-elastic behavior, the J integral is identical to G,
the energy release rate per unit crack extension, and simply related to the
fracture toughness, K, and the fracture energy, y. Thus, for the opening
mode case, and linear-elastic plane-strain conditions, we have the following

relation.

2...2
(1 - v )KIC

JIc = GIC = 7 - 2y, (1)

This relationship 1llustrates the value of the J integral approach.

In the laboratory it affords a straightforward characterization method. In
engineering applications it can be transformed to give values of the failure

criterion appropriate to other methods of analysis.

-15-
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1.4 REPORT

The following report begins with a theoretical treatment of the
J integral in which the concept 1s extenled to finite deformations and non-
linear viscoelastic materials. Section 3.0 describes the procedures used
in screening candidate test specimens and in the selection of the scarf-joint
specimen as the optimum candidate. The fourth section provides the stress

and fracture analyses which led to an optimization of the specimen design.

The Scarf-joint specimen preparation and test procedures were defined in a
series of tests described in Section 5.0. Sections 6.0 and 7.0 cover
evaluations of the J integral under various loading conditions that exist

in the motor, and evaluations using two other specimen geometries. Section 8.0
describes the tests performed on specimens dissected from motors and the

statistical aspects of scarf-joint test repeatability.

~16-
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2,0 CHARACTERIZATION AND ANALYSIS OF FRACTURE INITIATION
IN SOLID PROPELLANT BY A GENERALIZED J INTEGRAL

The theory and application of linear viscoelastic fracture mechanics
is reasonably well established (1-6). However, because of the nonlinearity
of solid propellants, application of linear theory has met with mixed success,
and phenomena related to the effect of strain level and strain history have
not been explained (7). As a means of developing a criterion of fracture
in nonlinear viscoelaszf‘c materials, Schapery (8 indicated that at least for
initiation the J integral criterion (widely used for rate-independent elasto=-
plastic behavior of metals) could be extended to certain nonlinear viscoelastic
materials if the stresses at each point in the body are proportional to a
scalar function which obeys a power law in time with a coefficient and exponent
that may vary in space. This restriction on the stress behavior has now been
removed and a relatively general theory exists for both crack initiation and

growth (9).

In this gection of the report, we first review the basic features of

standard J integral theory for nonlinear elastic media, and then deal with its

extension and application to solid propellant.

2.1 J INTEGRAL THEORY FOR NONLINEAR ELASTIC MEDIA

The J integral is defined for two-dimensional problems (plane

stress, plane strain, and anti-plane strain) as

- - —= ds) A
J 5 (de2 Pi axl 8

Where T (Figure 1) 1s a curve surrounding the crack tip that begins and ends
on assumed stregs-free crack faces (10). Following standard practice, repeated
indices imply summation over their range (i,j = 1,2,3), and T and u are the

’

A
traction and displacement vectors, respectively. Although Equation (2) is

limited to gmal) strains, it is readily generalized to large strailns (Reference 11).

-17-
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Failure=gone
(Normai Vector)

Figure 1. Contour Used to Evaluate the
J Integral in Equation (2)
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The traction vector and stresaes are related through the familiar expression

T, oy Ry ton Mt P €

The component T3’ corresponding to a traction in the x, = direction (normal
to the plane of the page). i8 not necessarily zero; thus,' the so~called anti-

plane mode of loading 18 {ncluded in this formulation.

The quantity W = w(eij) {e defined such that

where cij and Eij are the stress and strain tengors, respectively. Thus, W

i{s the strain energy density of an elastic body. We shonld emphasize, however,
that the body need not be elastic for Equation (4) to be valid. For elasto-
plastic materials which obey the go-called deformation theory of plasticlty

the stresses can be written 88 in Fquation (4), where W 18 8 potential function
consisting of both atored and dissipated energy; although the deformation

theory of plasticity {g usually not a good constitutive theory for metals except
for ptopor:ional stressing, fracture ynitiation analysis of metals based on

nelastic-1ike" Equation (4) and the J {ntegral has been very gucceasful (12).

Ae an important consequence of Equation (4), the J integral in

10)

Equation (2) is the same for all pathe T Let us select a path adjacent

to the crack faces (for which dx, = 0), which reduces Equation (2) to

~19=
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where

Au = relative displacement vector between points on the crack
faces which were together prior to arrival of the crack

tip. For example, Au2 is the crack opening displacement.

0 = stress acting on the edge of the intact continuum, repre-
senting the action of the failing material ticar the crack
tip on the adjacent continuum, For example, 022 is the
normal tensile stress tending to draw the crack faces

together.

It 1is supposed that there is a thin layer of material between

crack faces in the 2one 0<E<u (Figure 1) which may be highly damaged; its

constitutive properties enter the fracture theory implicitly through the

f £ f
values of 0590 Y210 and Iy3°

have to satisfy Equation (4).

The material in the failure zone does not

lLet us now multiply Equation (5) by a small virtual crack
extension, ¢a. One can show by direct physical considerations that the re: ilting
expression is the work done by the continuum on the failure zone (per unit

length in the x, direction) if the advancement takes place without change

3
in the tractions oij in the failure zone. In view of Equation (4), the body
behaves as an elastic material, and thus the work JB3a must be equal to

the reduction in potential energy P_ of the body and externally applied forces,

E
-3P hence,

’
E 3
b

%
0
m

J = - (6)

o]
@
d

e

where B is the length of the crack edge which is advanced; Baa 1is the aie¢
of the new surface projected onto the X = %y plane. For advancement without 4

external work ('"fixed grips'"), Equation (6) reduces to }

1
J.—-é-——— (7)
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where W, 13 the total strain energy,

T
W o= fv Woav_ (8)

(]

and V0 is the volume of the body.

It 18 important to recognize that Equations (6) and (7) provide a
means for experimental determination of J in a nonlinear body without the
necessity of a nonlinear stress analysig; this 1s discussed in the next

subsection along with the use of J as a fracture parameter.
2.1.]1 Experimental Determination of J Integral

Consider a sample which is quasi-gtatically loaded by a
force F acting through the displacement U, (e.g., the biaxial strip in
Figure Z). The load-displacement curve i1s illustrated in Figure 3 for several
samples, each with a different constant crack length, 2a', The area under

each curve from U= 0 to U = U1 is HT (Ul’ a). Plotting this integral versus

the crack length*, a = 2a', gives a curve like that in Figure 4.

The negative derivative of curve HT at any value a, divided

by sample thickness, B, is the J integral at U= U Equation (7); it is

1’
aupposed that both crack tips extend the same amount, 3a', Tf this process
is repeated for additional va‘ues U,, U3, etc., we obtain the curves in
Figure 5. For the special case of a linear elastic material, wT ~ Uz, Jaort

for a fixed value of a.

* Use a' as one-half the crack length and a as the full crack length

~21-
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Moveable grip
(v = displacement
in v - direction)

Fixed grip

Crack Tip

Figure 2. Biaxial Strip Specimen

- Note that the coordinate axes
used with this specimer are
different from those conventionally

used in two-dimensional prohlems

(See Figure 1)

e

e aid ikl

|
i
;r
£
:
E
‘s
i

ST TR
-

Figure 3. Vorce-Displacement Curve
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Figure 4. Areca Under F - U Curve versus Crack lLength
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2.1.2 Relation of J To Fracture Initiation

Suppose in a given test the crack starts to propagate
at a value of J = J. (critical value of J). Since J 1s equal to the strain
energy released per unit projected area (actually two units of area of new
surface counting both top and bottom surfaces), we can say that JcBaa is
equal to the mechanical energy needed by the material to form an amount

of projected area Bda or total surface 2B3a. Thus
J = 2r 9

where I‘i is the so-called fracture initiation energy, the energy required

to form a unit of new surface.

As long as the state of the material at the crack tip

(on the scale of a) 18 the same in different geometries (including motors),

the value of JC from the specimen test can be considered a material property;

it may be compared with a predicted J-value {e.g., in a motor), If J 2 Jc,

the crack astarts to propagate; otherwise, it does nct grow.

2.2 GENERALIZED J INTEGRAL FOR NONLINEAR VISCOELASTIC MATERIALS

For many linear and nonlinear viscoelastic materials under monotonic

loading which obeys a power law 1in time (8), Equation (4) 1s a good approx-
imation with W replaced by wv - wv(eij’ a, t); hence, by analogy with the

elastic case,

awT
%8

where W = W_(U, a, t) is the area under the isochronal F-U curve,

T T
~érU
wT z F (U, a, t)dU (1)

1
J o=-3 (10)

Note that the differentiation and integration is performed for t = constant.
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1 The J integral for thie case is, as before, the work input

®)

to the crack tip per unit area at time t Thus Jc is equal to the
energy 2Fi required by the materiai to create the new surface at the time
of initiation t; depending on the material, Pi wmay depend on time and

temperature and other parameters such as confining pressure.

The conditions given in Reference (8) for the validity of
Equations (4) and (10) are more severe than needed. The parcicular

nonlinear viecoelastic conastitutive equations which describe deformation

response with adequate accuracy and class of loading histories of interest,
determine whether or not a J integral method applies, and Reference (9)
discusses both this aspect and consequences for predicting crack initiation
time and crack speed.

To remove the power-law restriction on loading history given

in Reference (8), the definition of J in Reference (9) ie somewvhatr different

S )L W R YT TR

than used here so far; but we shall summarjze the principal regulte and

il

relate the two forms of the generalized J integral.

B A o

2.2.1 Primary Results of Reference (9) Applicable to Solid
Propellant

In terms of a newly defined J integral, Jv’ the gnverning

equation for predicting fracture initiation time ty is

Enfn(éc)—" dr (12)

After initiation, the crack speed a for coplanar crack growth {s predicted
by using the differential equatioa,

: o
2l = Eg D J, (13)
3laT

i
;
E
1
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In these two equations:

Fi, ' = fracture initiation energy and fracture
energy for continuous growth, respectively;
vhether or not these energies are equal is

not known at this time.

E = reference modulus, a constant which is

arbitrarily selected to simplify notation,

D(*) = master creep compliance curve in linear
viscoelastic reaponse range (with or without
a constant level of damage); as & good
approximation, the master relaxation modulus
ie related to D(f) by

E(E)D(g) = LI (14)

where
o : - d log E - d log D (15)
- d log ¢ d log ¢

Also, the propellant is assumed to be thermorheologically simple,

t
£ s]o; dt'/a, €' eof dt'/a (16)

where a, = 8p (T) 1is the time-temperature shift factor; more general behavior

T
is inciuded in Reference (9).

The quantity Jv is the generalized J integral; it obeys an
equation which is analogous to that for J in Equation (6) in that

L P |
Jv * -3 38 (17) '
where P: is the potential energy of an elastic body that is defined below.

The quantity o is the length of the failure zone (Figure 1), which is
proportional to Jv i{f the strangth of the material at the crack tip is constant:

when the strength varies with crack speed, one has o = function (4, Jv)'

~26-
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The three-dimensional constitutive equation used in

Reference (9) relating stresses ¢ and strains € for materials exhibiting

1] i)
thermorheologically simple behavior 1is,
3
€, =E f p(E-£') &+ | =5 )ar (18)
ij R art ac
(3] i)

where Oc = Oc(oij) is the complementary pseudo energy density; justification
of this equa“ion for solid propellant and other materials is given in

Reference (9). The pseudo energy density ¢ s defined by %::

aoc
== +o¢ —_— 19
¢ 1] aoij
If D(E) = constant = E -1. we recover Equation (4) for an elastic material,

R
where ¢ = W 18 the strain energy density.

For a viscoelastic material (D(£) not constant) the quantity
3, is simply the J integral for this 'reference' elastic materlial, and Pg in
Equation (17) 18 the potential energy; for example, for the problem in
Figure 2, with virtual crack growth under a fixed grip condition,
30T

Jv.-%-;- (20)

where ¢, = -5~0 dv_is the total strain energy of an elastic body, ‘ ;
o
In order to show how one can derive JV from laboratory
tests, and to illustrate its physical significance, let us first rewrite
Equation (18) in an inverse form; this is easiiy accomplished because cf

its similarity to linear thaeory,

1 o€
ot j E (=) —2d 4 (21 - 3
g R 3Tt t
13 .
Note that the integral is the stress in a linear viscoelastic material,
t Je
L = ~E! __11
oij-j E (E-E') =t dr (22)

[+}




and therefore,

<& - A1 2
= (23)

The "reference" elastic material 1s, by definition, a material whose stress-
strain equation 1s that in Equation (23) with stresses equal to those in

the actual nonlinear viscoelastic material and with the strains cR

13
L
R - o
iy ¢ H- (24)
E
R
Similarly, the displacements in the reference material are
du
R _ 1 t i
uy g /0 E(&-8Y) T dt (25)
R o

The grip displacement U for the biaxial strip and che
reference elastic grip displacement UR are related similarly through Equation
(25). Inasmuch as the material's behavior ie elastic in terms of UR, we may
apply the data reduction procedure covered in Figures 3 through 5 using UR in

place of U as the abascissa.

For simultaneous cooling and streining one would have to
account tor thermal contraction. In this case the strains and displacements
in Equations (24) and (25) should be interpreted as 'strains and displacements

t

due to strese''. For a biaxial strip one should therefore subtract %uAt from

each quantity; the relation for grip displacement hecomes

R 3 -1 t 3 3
u 7 04T Eg .Z/ E(E-£") 3.V - 7 aAT)dr (26)

where AT = T-TO, with To = temperature at start of ccoling and T = current

tenperature.

~78~

R




F

2.2,2 Comparison of J Integral Methods

Consider the isothermal testing for initiation of
cracking. The J in Equation (10) and Jv in Equation (20) are quite
different, but lead to essentially the same criterion of fracture if
the grip displacement rate is constant, or i{s at least monotone increasing.
To show this, let us specialize Equation (26) to isothermal behavior and

introduce crosshead rate U = R = constant; thus

- Ei _[‘ E (t-1) dt = E& % f E(\)dA (27)

R "o R ]
where the variable of integration has been changed from 1t to A = t~1. Hence,

R . !-—g-iﬂ (28)
R

where £ 1s the time-average of the relaxation modulus.

The total pseudo strain energy in the reference elastic

body 1is UR
¢z [ PN ot (29)
°
where the elastic force FR is equal to the viscoelastic force F at each time

and crack length.

Since the stresses in the reference elastic body are equal
to cthose in the nonlinear viscoelastic body (Reference 9) use Equations (28)
and (29) (in which the variable of integration is changed from UR to U and

integration {s performed at constant time) to find

ol.-%zﬁl-/J FQE—I_:(—Q,; du (30
R R
o

Comparing Equations (10) and (30) we see that
. E(@)
. g Wy (31)
R
and from Equations (9) and (19)

v ER
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Thus, the previously used initiatfon criterion J = Jc = conatant at t = tl

is equivalent to

E(t,)
J. = 1 J
v ER c (33)
Or
ER -
J == J. &~ CED(t.) J
[of E(t)v R i v
i
¢ (34)
= CEJ L1, poyar
R7v ti © )

n
where C i3 a constant that is close to unity if m <0.2 (Equation (15)).
One can show that Equation (34) is a good approximation to Equation (33)
if d2 log E/(d log 5)2 <<1l; this inequality is obeyed by solid propellants.

Compare this result with the more basic Equation (12)

for isothermal behavior,
t

~1 dJ
v
2?1 ER'& D(t-\)—a?— dt (12)

Note that if Jv 18 constant, and 1f the fracture energy I‘i - JC/ZC, then
Equation (11) reduces to Equation (34). Often with monotonic loading,
JneP (where p 18 constant*) which, when used in Equation (12), leads to
the same form as Equation (34); only a nearly constant factor (typically
close to unity) multiplying D 1s different. Thus, for practical purposes
in at least constant crosshead rate tests, the original method (Figures 3

through 5) is as good as the better-founded new method based on Equation (12).

The experimental deter.inatiorn. of the time for fracture

initiation ti may not be possible with propellant; rather, one might obtain

instead of ti the time for a small amount of growth (depending on the quality

of the experimenter's evesight). 1In this case Equation (12) would be more

* When J_ 1s expressed in terms of stresses, it ia equal to J for a linear or

nonlinear elastic body which is under the same instantan+«cus applied loads
as the viscoelastic body; cf. Equations (10) and (20).

=10~




appropriate than Equation (11). Ag an example let us amssume the
experimentally determined "initiation" time tiex' say, ia the time
it takes for the crack to propagate a distance equal to a constant
fraction or multiple of the failure zone length a at the speed at

this time, ¢ ex . ka/a; Equation (13) becomes

i
tiex 4
2T = ER D T JV (35)

which has the same form as Equation (34); it follows that for propellant

in which D(t) is practically a power law, B(ti) s congtant X D(ti) 3
congtant x D tfx , 1f T and ri are constant, Thus, except for differences
in the inferred value of fracture energy, all three methods (two for

initiation, one for a small amount of growth) yield egsentially the same

result for isvthermal, constant crosshead rate tests. However, it should
be emphasized that the last result for growth is based on a somewhat

arbitrary criterion of "observable growth", !

Such a similarity in results is not expected for
simultaneous cooling and straining; this type of test should therefore i;
help to determine the best criterion with the hope (but not as a fundamental

requirement) that I' or T, is constant, and has the same value for isothermal i

1
and nonisothermal initiation.

2.2.3 Motor Application

Consider the problem depicted in Figure 6. The stress
analysis was made assuming linear elastic behavior, and some relevant

predictions for pressure loading are:

» 557 Ksi Yin,
= 211 psai /in.

Opening Mode Stress Intensity Factor, KI

Forward Shearing Mode Stress Intensity Pactor, K

11




Figure 6.

XX

Pressure = 800 psi

Insulation

Liner

S 0.1 in. Deep Crack

Sample Motor Problem (from Reference 13)
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rom linear elasticity theory for plane strain (the

local condition in the motor around the crack):

2 2
KI + KII (36)

J -
(B/(1~vD)]  (B/(1-v®))

(13). We will first use

where E = 1000 psi and v = 0.5 in the analysis
elastic fracture mechanics and assume the total energy release rate, J,
determines whether or not a fracture starts; but one should verify this
experimentally or, more generally, establish 2I' as a function of the

KH/KI ratio. Thus, we calculate J = 233 + 33 = 266 1b/in. For our
propellant 2I‘i = JCN3 1b/in. <<266 (Section 2.2.5) and thus fracture easily

initiates,.

If pressure = 0, and a thermal load only exists
(8T = -100°F), it is predicted that (%) K; = 10.5, Ky, = 4.9 pst /in.
Then, J = 0.083 + 0.018 = 0.101 1b/4in. Since J. = 3>>0.101, there s

no fracture initiation in an elastic propellant.

Extension of this analysis to viacoelastic behavior may
be accomplished by using Equation (33) and the fact that Equation (36) is

valid for a linear reference elastic material with modulus E_, and Poisson's

R
ratio vR(9). Thus
« Ky
Jv - 2 + 2 (37)
ER/(I-vR ) ER/(I--\)R )

where KI and KII are the stress intensity factors calculated for a linear
9

viscoelastic material with a constant Poisson's ratio v . The fracture

initiation time 1s given by the solution to

2 2 2 2 =
(1-v5) K&+ (1-v%) KII - E(ti) JC (38)

-33-
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where we have used Equations (33) and (37) with Vg TV Thus, one uses
linear viscoelastic theory to predict KI and KII as functions of time, and
then checks to determine when Equation (38) {s satisfied, {f ever.

Referring to the pressurization problem above, the values
of KI and KII are essentially independent of elastic modulus and therefore

they have the same values as in the viscoelastic material. Assuming

2l = J. - 3 and v = 0.5, and using the fact that KI and K,  are proportional

11
to pressure, P, Equation (38) may be written as

p \2 E(ti)
266 800 * Tooo X 3 (39)

Thus, fracture initiates at the time ti for which

P(:i) = 2.69Y E(ti) (60)

If the actual pressure does not reach the value in
Equation (40) then of course it does not have a solution and there 18 no
initiation.

Prediction of initiation for the nonisothermal problem
is more involved. Equation (12) must be used, in which the time-dependence
of tewperature must be accounted for in calculating r=duced time, Equation (16).
If the temperature is more or less uniform spacewise (which was assumed in the
above problem), we may predict K. and K__ from elastic analysis using an

I I1
effective modulus Eeff (14). Then substitute Equation (37) into (11), assume

-

vR = v = constant for the viscoelastic material and obtain,

t

1 r
.o d 2 .2 .
[ D(E-E")g7 (Ky™ + Kpy7) dt

(41)

PRI VI, Lo Y

l-v

Again, the value of ti for which this equation 1s satisfied (if ever) is the

initiation time. If we employ results from the abyve thermal problem and

el il b
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introduce the effective wodulus (recognizing that KI 11 ATE £ for constrained
D e

cooling) and uge an assumed value of 21‘i = 3, there results

£1 a(ate_, )? 6
/ D(E-E') ——gpv——— dE' = 2.97 x 10 (42)
2
where
i
& = clt/a.r (43)
o
and
ATE - B(E-E" EA; a8
eff J £-87) k14 & (44)

Considering the previous results for an elastic material, Equation (42) will
not have a solution unless Eeff f: much larger than 1000 psi. Note that for
an elastic material Eeff = Ee« D", and we obtain E = 29,700 psi from this
equation as the modulug needed to initiate fracture for the temperature

change of T = -100°F.

2.2.4 Summary of Specific Advantages of the J Integral

2.2.4.1 Analysis

¢ Theoretical anaylses of specimens are not
required; but, if available, they may reduce

the testing and data analysis needed.

® In motor applications, the J integral can be
used with both linear and nonlinear behavior

at small or large strains.

¢ Path-independence of the J integral reduces the
requiraments of nuuwerical accuracy in predicting
a fracture-controlling parameter, as compared

to methods needing local crack-tip analysis.

=35~
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2.2.4.2 Experiment

!
i
1
i
|
1
|
{

@ J and fracture energy easily derived from

force data.
@ Results have simple physical meaning.

® Samples with large 3-D effects can be usec
without any more data analysis than for 2-D
effects if crack growth is egsentially

uniform over most of the sample thlckness.

2.2.5 Experimental Determination of Critical J Inregral
for Practure Initiation

Application of Equations (10) and (l1) to the characterization
of fracture behavior will be illustra‘- 3 by using data from cracked biaxial
samples. The resulting criterion for :ractur “ion will then br compared

to that found by the second, more general ti fon (12).

Figure 7 shows data for three crogshead rates and two crack

lengths. The initial nominal sample dimensions are:

H = height = 2.1 inches
L = length = 4.0 inches
B = thickness = 1.0 inches

Prior to crack growth, the force data are fit quite well by the power law,

Fek R0.172 U0.770

) (45)

where axial extension, U, 1s in iInches and crosshead rate, R = 0, is in

inches per minute; also, for the twn jnitial crack lengths employed,

-1 =
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Figure 7. Force-Displacement Data from Biaxial Samples
Under Tensile Loading at O°F
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ky 3331 fcr 2a 0.8 inches (46)
k) = 2974 for 2a' = 1.2 inches
According to Equation (11), WT is derived by integrating F,
but only after R is eliminated in favor of U and t; thus, with R = U/¢t,
=0.172 U0.942 (47)

F = kl t

from which

W = 0,515k ¢70:172 l.942 (48)

The J integral may be found from Equation (10). First, however, it 18 of
interest to observe that the linear elastic analysis in Section 4.0
(Figures 51, 52, 55, 57 and 58) indicates that J is essentially independent
of crack length for the range tested, 2a' = 0,8 and 1.2 inches. This
1ndependence will be assumed for the actual propellant samples, and thus

W_ may be linearized with respect to crack length in calculating J. Hence,

T A" ny
for 0.8 < 2a' < 1.2,

o 0.515 -0.172 1.942  2974-3331
1.0 X 71.7-0.8
(49)

-0.172 U1.9102

= 460 t ibs/in,

(1t 18 of interest to note that the value of the derivative (2974-3331)/0,4 = 893

is essentially equal to that predicted from linear elastic plane stress analysis.)

Referring now to Figure 7, we assumed crack growth initiates
when the force-deformation data depart from a straight line. Considering the

limited amount of data, the determination was crude; obviously, more data and

an expanded scale are needed for a better identification of the crack initiation

point.
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At initiacion, set J = Jcin Equation (49). Becaivse the
test time does not appear explicitly in Figure 7, it is desirablas to eliminate
time from this equation by using Equation (47); hence,

STy ey

o

. 460

¢ M (50)

£ J
For constant crack iength and constant Jc. thies equation defines a straight
line having slope (-1) in Figure 7 as logarithmic coordinates are used,

3k,
lo e log F + log U (51)
& \%s0 o8 °8

For 2a' = 0.80, s straight line with slope (-=1) has been drawn through the
data where crack initiation is estimated to occur; this line is defined by
FU = 23,25, and therefore Equations (46) and (50) yield

460 . .
J_ = 3337 X 23.25 = 3.21 1be/in. (52)

Agsuming that Jc 18 a constant, we may use Equations (46)
and (50) to predict the product FU for initiation with 2a‘ = 1.2 inches, 1

2974
FU = 760 * 3.21 = 20,76 (53)

This line 18 drawn in Figure 7; agreement between theory and experiment 1
is abouti as good as one might expect considering the limited amount of data

employed. i

bt .

As a final matter, let us compare the use of Equation (49)

Y

(with J = Jc) ag a fracture initiation criterion with that predicted from the
second theory, Equation (12). Equation (32) relates J, to the expreasion for
J in Equation (49). We want Jv in terms of F, and therefore Equation (47) 1s

e e kMR . . e

also used to find

ket e m e s
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-2.062 t0.183 F2.062

J = %9- 460 k (54)

v R 1
According to the second theory, this result should be identical to that
for an e¢lastic material; as time-dependence cannot exist, we must have
E(t) %t"183, and thus for the linear viecoelas:cic relaxation modulus,

E(t) npo+183 (55)

Inasmuch as the relaxation modulus is predicted to obey a power law in
time, Equations (14) and (34) are exact. Since D(t) mt0'183, Equations
(45) and (12) (with U = Rt) yleld

-0.172 U1.942 (56)

ZriNt
Comparing this result with Equation (49), we see that 1f Ti is constant, it
provides the same fracture initiation criterion as Bquation (49) with
J = Jc = constant, apart from an undefined constant coefficient. This
coefficient is related to the (unknown) linear viscoelastic relaxation
wodulus; but it has no effect on the criterion. Namely, one cculd use
any constant coefficient desired in Equation (56) 1f the same constant is
used in deriving Fi from experimental data as in applying the theory when
predicting fracture initiation in motors.
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3.0 SELECTION OF CANDIDATE TEST SPECIMEN

Existing test specimens and test procedures were screened to determine
the best one for evaluating both adhesive and cohesive fracture energy. This
evaluation effort was conducted in three steps, First, the test specimens
vere screened against a 1i{st of specific criteria. Second, they were evaluated
morphologically in terms of the design constraints imposed by the three
admiesible modes of crack extension. Third, the experimental performances

of the remaining candidates were compared.

The specimen survey and the results of the three-step evaluations are

discussed below,
3.1 SPECIMEN SURVEY

The survey was designed to provide representatives of the various
types of test apecimens used in the industry, plus a few that were found 1in
the literature for the evaluation of low modulus materials., There were fifteen
candidacte specimen designs gleanead from the survey. They are illustrated in

Figures 8 through 22,
3.2 SCREENING AGAINST AFRPL CRITERIA

The preliminary screening of the candidate test specimen and
procedures was based upon the AFPRPL criteria specified *n Section 1 and

repeated in Table 1.

The screening criteria numbers 1 through 3 are satisfied by the
principles of the J integral for all of the canaidate specimens., By a rather
liberal interpretation, criterion number 4 was also considered to he satisfied

by the J integral concept for all specimens,
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TABLE |

AFRPL SCRFEENING CRITERIA FOR
SELECTING CANDIDATE PROPELLANT
AND BOND TEST SPECIMENS

Failure initiation from a controlled and analyzable singularity.

Allow failure at the location of weakest strength in the vicinity
of the bond.

Provide engineering data that are independent of specimen geometry.

Be amenable to analvsis to evaluate stresses and strains directly

related to motor analyses.

Duplicate the various stress conditions that can exist in motors.

Be amenable to preparation from dissected motors.
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Criterion number 5 (duplicate stress conditionse in motor) involves

two types of thermal loading conditions (tensile alon¢ and combined tension

and shear) and one type of pressurization loading (combined shear and super-

imposed pressure). A number of tests were considered to be uvnacceptable,

for either of two reasons: (1) the motor loading condition could not be

duplicated or (2) the testing could not be performed to separately identify

the normal and shear components.

The following tests were considered to be unacceptable in meeting

criterion number S:

Fracture block specimen (Figure 8)
Anti-plane shear specimen (Figure 9)
Cylindrical peel specimen (Figure 14)
Tensile sleeve specimen (Figure 16)

Round-f lapped specimen (Figure 17) ({Aftar inclusion of a
central crack this specimen 1is similar to a cylindrical
peel specimen)

Plane stress specimen (Figure 18)
Double-lap shear specimen (Figure 19)
Adhesive {racture toughnees specimen (Figure 20)

End-pressurized cylinder specimen (Figure 22)

Criterion number 6 (amenable to preparation from dissected motors)

could be met by all except the following three specimens:

Fracture block specimen (Figure 8)
Anti-plane ghear specimen (Figure 9)

End~pressurized cylinder specimen (Figure 22)

The remaining specimens were subjected to further scrutiny.
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3.3 DESIGN MUGRPHOLOGY

A simple screening tool was developed in terms of the specimen
deasigns and the three admissible modes of crack extension (Figure 23),
Combining these into a morphological assessment quickly reduces the
candidate specimens to a very few,

As 1lluatrated in Figure 24, there are only two types of specimen

cross section, two crack placement methods, and three loading wodes.

For the fracture tests, the torsional loading of circular cross
section specimens produces a parallel shear mode of failure (see Figure 23). This
mode of crack extension does not meet the requirement of duplicating bondline
stress conditions that can exist in motora. That is, bondline fractures in mctors
congist of the opening mode or forward shear mode alone, or the opening mode
plus the forward shear failure mode (see Figure 25). Thus, after eliminating
torsional loading of circular crose section specimens, the optimum specimen

was selected from those with rectangular cross sectious.

The dimensional morphology of the rectangular specimens is
illustrated in Figure 26. This category covers a broad range of specimen
designs, including:

Uniaxial specimen
Strip-biaxial specimen

@ Mid-size group
@ Scarf-joint specimen
® Twin-rail speciuen
® Double-notch specimen

® lectangular poker chip specimen

The labocratory testing and structural analyses of these specimens further

reduced the number of candidates,
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3.4 PRELIMINARY LABORATORY SCREENING TESTS

These preliminary tests were designed to find the best design
among the rectangular specimens, then to determine its approximate
dimenaions. All of the tests described below were performed on samples
of ANB~3066 propellant; no liner was used.

3.4.1 Specimen Behavior

The scarf-joint specimen with edge cracks and the double
notch test specimen gave premature failures at the secondary bonds (adhesive
bonds to the specimen end plates). This failure mechanism prevented further

considerations of these designs.

The scarf-joint specimen with a central crack and the
twin rail specimen both performed well with no secondary bond failures,
However, to get a uniform fracture energy along the crack (e.g., a uniform
propagation of the crack front) it was necessary to carefully machine the
end surfaces of the propellant and, equally carefully, to align the end
plates with respect to each other. This was more difficult to do in the
twin rail specimens, which may rule out the design. '

The strip biaxicl specimen produced a behavior that
seemirgly contradicts elastic analyses of the design. That 1s, it had a
tendency to premature failure due to local stress concentraticns at the

(15) R. C. Sampson had

bonded surface. In a previous study at Aerojet
made a Moire' Fringe strain analysis of this spacimen (using DP=21 inert
propellant). He found the biaxial strain to be greatest at 1.2 in. from

the end of a seven~inch long specimen.

Figure 27 shows the variation of longitudinal strain at
two different points in the specimen for extensions uyp to 0.12 in., The
Moire'! pattern for A = 0,16 in., where the first visible failure cccurred,
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18 superimposed on Figure 27, The crack is located about one-third the
distance from the end of the specimen to its midpoint. The reason for
the initial failure at this location is indicated by the measured strain
distribution for &4 = 0.12 in, (Figure 28)., Although some scatter of the
data appears, the strain maximum in the region around x = 1,2 in, is

clearly evident.

The elimination of these specimens leaves a scarf-joint
specimen with a central crack. Its dimensions could vary over a wide

range from the uniaxial to the poker chip designs.
3.4.2 Preliminary Assessment of Scarf-Joint Dimensions

A simple experimental plan was deviged to determine
the performance of scarf-joint specimens of various dimensions, Evaluations
of these specimens and crack initiation tests were made in terms of the

following criteria:

. Specimen preparation
. Secondary bond failures
The existence of a "toe" in the force-time trace

. The relative deformation at which crack initiation
occurs

The relative sharpness of the crack tip at initiation

It is sufficient at present to diecuas only the elongation
at crack initiation. In this case the goal was to find a specimen design
whose critical elongation was sufficiently large to minimize the effect
of the "toe" in the force-time curve, but not so great that response non-
lineerities should be produced prior to crack initiation. Elongation values

in the range of 5 to 7% were considered to be ideal.

The basic design for the specimen 1s sketched in Figure 29,
it has a height H, a length L, a depth B, and a central crack length 2a’.
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The placement of the crack was at a distance b from the lower end plate,
The test plan considered the following range of specimen dimensions and

crosshead rates, R:

2a': 1,0 to 2.0 inches

b : 0.1 to 1.0 inches

B : 0,25 to 1 inch

H: 1 to 3 inches

Lt 2 to 4.5 inches

R ¢ 0.02 to 0.50 in./min

All the testing was conducted at 77°F using ANB-3066¢ propellant without

a liner.

Table 2 contains a tabulation of the epecimen design
and test parameters together with the critical elongation, At/L, test
results, The most notable features of these test data are (a) the narrow
range for the elongation data, 0,039 to 0,082 in,/in. and (b) the acceptable
elongation range was satisfied by most of the tests, Both the highest and
the lowest values were obtained from the thin, B = 0.25 in., specimens.
This probably reflects the sensitivity of the thin specimens to handling
damage.

Specimens J-12 through J-32 form part of a Gracco-latin
square test plan, A partial analysis of the data indicated that the elongation:

@ 1increases as the crack size, 2a', and specimen
height, H, decrease

® 1increases as specimen thickness, B, increases

® 18 independent of specimen length, L

The higher elongation levels within this test range were considered to be the

most stable, hcnre the optimum specimen should lean to the smaller dimensions
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SCARF-JOINT TEST USING PROPELLANT ALONE

TABLE 2.,

Test H, in W, in D, in,
J-1 2.0 3.004 0.479
J-2 2.0 3.020 0.495
J-3 2.0 3.033 0.491
J~o 2.0 3.028 0.497
J-5 2.0 2,947 0.500
J-6 2.0 2.968 0.520
J=-7 2.0 3.048 0.435
J~8 2,0 2.922 0.528
J-9 2.0 2.945 0.460
J-10 2,0 3.0 1.0
J-11 2.0 3.0 1.0
J-12 3.0 4.5 0.5
J-13 3.022 4.5 0.48
J~14 3.033 4.483 0.438
J~-15 3.0 4.5 0.5
J~16 2.0 2.0 0.25
J~-17 2.0 2.0 0.25
J-18 3.0 3.0 0.25
J-19 2.982 2.8 0.241
J~20 2.0 4.5 1.0
J-21 2.0 4.5 1.0
J-22 1.0 1.968 0.514
J=-23 1.011 2.038 0.414
J-24 2,019 3.008 0.422
J~25 2.0 3.018 0.496
1-26 2.0 3.047 0.472
J-27 1.0 4.466 0.267
J-28 1.0 4.466 0.260
J-29 0.963 0.484 0.264
J-30 0.964 4.488 0.263
J-31 1.0 4.5 0.30
J~32 2,988 1.953 1.01
J~33 1.0 3.0 1.0
J~34 2.992 1.991 0.971
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EXPERIMENTAL ASSESSMENTS OF DIMENSIONAL VARIATIONS IN THE
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for H and 2a', and to the larger ones for B. The value for L appears to

be at the user's discretion,

Following these rules, B was tentatively selected to be
1 in. This was done for the pragmatic reason that speciwmens of that thickness
have a better resistance to rough handling. The specimen height, H, according
to the available analyses, must be equal to, or greater chan, 2B to give
optimum thermal benavior and independence from Poisson's ratio (Section 4).
It was expected that L could take on any dimension from 2 to 6 in. Considering
potential applications in tests on tactical-sized motors, a short specimen
is indicated. But, practical crack sizes suggest a long specimen. We have
arbitrarily (as allowed) chosen the intermediate value of 4 in. for L. Thus,

the tentatively selected standard test specimen had the dimensions:
L= 4§ din,, 4= 2 4in,, B = 1 1n,

These dimensions were submitted for structural analyses and final selection

of the standard specimen dimensions (Section 4).

3.4,3 Experimental Determinations of Interaction Distances
Between the Crack Tip and Specimen Boundaries

To help guide later studies of crack length, preliminary
measurements were made to determin2 the minimum acceptable dimension, d,

between the crack tip and nearest boundary of the test specimen,

ﬁ
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These observations were made using a rail specimen in an optical comparator.
The end cof the specimen, at the crack, looked like the sketch given here. .
The crack tip was observed at 10 and 20 diameters magnification as the crack

progressed slowly towards the boundary on the right.

The distance d was taken to be that where the crack tip
and the rear boundary noticeably interacted with each other (sharp indentations

of the boundary and shear flews around +he plane of the crack). The measured

distances in three successful tests were:

0.11 in.
0,16 1in.
0.11 in.

Considering the variations between propellants, and the effects of test
temperature and path dejendence, a value for d of at least 0.20 in. will 1

b2 used.
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4.0 STRESS AND FRACTURE ANALYSIS OF SCARF~-JOINT SPECIMENS

4.) INTRODUCTION

Selection of test specimen geomet.y was guided by finite element
analysis of cracked and uncracked specimens. In addition, even though they
are for linear elastic behavior, these analyses provide insight into the
stress distribution, estimates of the J integral, and show whether or not the
stresses near crack tips have the desirable feature of being only weak functions
of the thickness coordinate. Also, they enable one to determine how well
plane stress analysis predicts energy release rates in three dimensional

(moderately thick) samples.

In all cases, the analyses are for rectangular samples of length L,
height H, and thickness B, as shown in Figure 30. They were made by
Professor W. E. Haisler, Jr., of Texas AS&M University using TEXCAP (Referer 16)
for most two=dimensional problems and AGGIE I (Reference 17) for three-

dimensional problems.
4.2 TWO-DIMENSIONAL ANALYSIS OF UNCRACKED SFECIMENS FOR THICKNESS EFFECTS

The first analytical task in the program consisted of using TEXGAP
to stress analyze uncracked samples in order to guide the selection of the
height-to-thickness ratio. Inasmuch as stresses due to & given overall strain
or uniform temperature change are independent of absolute specimen size, the
thickness B was arbitrarily taken as 1 inch, and the height H was varied, as
noted in Figure 31.

In analyzing this geumetry, it is necessary to keep in mind that
the specimin ic to be used to study experimentally fracture initiating from
a crack which is in or close to a linear that is bonded between the propellant
and grip. The thickness of the liner will be small compared to sample thick-
ness B, and thereforc it is nnt considered in the present section which is

concerned with global sample characteristics.
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Figure 30. Scarf-Joint Specimen
Geometry and Coordinate Notation

Rigid (grip)

(Height) H
|
|
|

\ oAz

(Thickness)

Conditions:
Plane Strain
E = Young's nodulus
v e 0,8
B = 1.0 inch
H=0,5, 1.0, 2.0, 3.0 inches

Loading: €t = Axial diaplacement (direction) divided
Z by H anplied to rigid grin or

aAT- Thermal strain

Figure 31. Parameters Used in Two-Dimensional
Analysis of Uncracked Samples
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From the standpoint of fracture behavior, it is desirable to use a
relatively thick sample to minimize global strains and crack tip blunting.
(A thin sample may undergo a large amount of strain prior to significant
crack growth, and therefore will not correctly produce mechanical behavior
associlated with a case-bonded grain which is under three-dimensional geometric
constraint conditions.) On the other hand, it is desirable to use specimens
which are thin enough that residual thermal stresses are negligible and for
which the near-grip stresses are egssentially independent of H. Also,
considering the variability of Poigson’'s ratio, v, of propellant, 1t 1is
desirable to minimize the sensitivity of stresses to v by using relatively

thin samples.

Figures 32-38 exhibit stress distributions for four different
height~to-thickness ratios. As plane strain is assumed (corresponding to
the assumption L>>H and L>>B)the limiting value of L for very high samples

under average axial strain Ez is

E =
o -
22”7 %2 (57)
and thus with v =« 0.5,
9z [ By = 413 (58)

This value of 4/3 18 essentially reached near cthe central region
of the sample when H = 3, as may be secen by referring to Figures 32, 35 and 36;
indeed, there 1s little difference between the H = 2 and H = 3 casges.

The specimen with a height of H = 2 has a relatively uniform
normal stress along the horizontal center plane (Figure 32) and the grip
(Figure 33) except near the edges. For a shorter specimen (H < 1 {n.) the
stress 1s nonuniform, according to Figure 32. Also, there 1is no need to
use samples taller than H = 2 as the uniformity for H = 3 {n. is about the

same as H = 2 in.
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The shear stresses in Figure 34 for H = 2 in, and H = 3 in. are

essentially the same; indeed, the diatribution shown is essentially that for
H = «; thus, the sample with H = 2 does not suffer from excessive shear

stresses because of its small height (compared, say, to a standard biaxial

strip sample).

Residual thermal stresses are very small for all cases even for
relatively large temperature changes. Consider for example, AT = 200°F and
a = leo'sl’F, so that aAT = 10'2. According to Figures 37 and 38, the
stresses o, and ¢ , are on the order of EaAT or ameller, except very close
to the corners; thus, only if specimen fallure strains were on the order of
10.2 would the residual stress or strain have a significant influence on
failure behavior. Furthermore, Figure 37 shows that triaxial constraint
effects are not significant for H > 1; when H = 0.5 the strong minimum in

the gtress distribution at x = 0 is indicative of a thickness constraint.

Another indication of thickness constraint is the rise in effective
modulus, Eeff’ wvith decreasing values of height, as shown in Figure 39. By
definition,

Eeff zo,, / £, (59) |
where 3
5 Yo (60)
z2z A n 11

is the average axial stress, which is calculated by summing the forces

oiAi acting on each element, and A = EAi; stresses on the plane z = 0 were

used in order to minimize numerical eéror inherent in the calculation of
stress, which would be greatest on z = H/2. It is obgerved from Figure 39

that E approaches the correct limit E/(1 —v2) with increasing values of H.

eff
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The above study indicaotea the value H/B = 2 represents a good
compromise for sample height. That this choice is acceptable with respect
to dependence on Poisson's ratio is implied by the results in Table 3. Namely,
the stresses are relatively insensitive to Poisson's ratio; very significant
dependence on Poisson's ratio results for somewhat shorter samples. It
should be noted that if the streases had been divided by the plane-strain
modulus E/(1 ~v2) instead of E, even less dependance than shown in Table 3

would have resulted.

On the baais of the foregoing analysis, we may conclude a height-to-~

thickness ratio of two is large enough that:

® Thermal etresses due to heating and
cooling are insignificant.

® Stresses due to mechanical loading are
relatively insensitive to Poisson's ratio

for values close to one-half.

The variation of shear and normal etresses
through the thickness 1s easentially inde-
pendent of the height-to-~thickness ratio.

4.3  TWO-AND THREE-DIMENSIONAL STRESS ANALYSIS OF CRACKED SPECIMENS

Stress analysis of the specimen geometry in Figure 30 with edge

and center cracks is discussed in this section. Figures 40-42 ghow the finite

element models employed. In all cases the total sample height is taken as
H = 2 inches and the thickness as B = )1 inch, in view of the results in

the preceding section.

For horizontally centered cracks, the left edge (y = 0) in

Figures 40 and 41 1s a plane of symmetry; i.e., the surface shear stress and

_73_

ik

1 satn i a6 & 2

AN s M

i



TABLE 13

EFFECT OF POISSON'S RATIO. UNIFORM AXIAL EXTENSION Ez
APPLIED. H = 2.0 INCH

At x=0,25, Z=0

. o“/(zzz) 9, /(zEz) oxx/(nzz)
0.5 -0.0285 1.49 -0.00025
0.495 -0.0276 1.47 -0.00024
0.49 -0.0267 1.46 -0.00024
0.48 -0.0250 1.43 -0.00022
0.45 -0,0207 1.35 -0.00019

At x = 0,04 and 0.25, Z = 1.9

x=0.,04 x=0,25
v ou/(Bcz)_ au/(Eez) oxz/(l!ez)
0.5 1.30 1.29 0.375
0.495 1.29 1.27 0,365
0.49 1.28 1.26 0.355
0.48 1.25 1.24 0.336 '
0.45 1.19 1.19 0.288
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Figure 41. Typical Finite Element Representation
Used For Three-Dimensional Analysis With AGGIE I
(64 20-nocde elements above crack plane; quadratic
displacement function used along element edges
and cubic function used within element)
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horizontal displacement vanish on y = 0 and the full sample length is L=4 inches.
For edge cracks, the left edge is a free surface; i,e., the surface shear and

‘ normal stresses vanish and the total sample length is L = 2 inches.

Two different vertical locations for the crack are considered:
a centered crack, b = H/2 = 1 inch, and a near-grip crack, b = H/10 = 0.2 inch.
In the latter case, the three-dimensional model (Figure 41) employs four
rows of elements above the crack plane (as shown) and two rows below this

plane.

S s b 5 AR
: -

Loading 1s imposed through specified upward vertical and rightward
horizontal grip displacements, with the bottom grip fixed. The amount of
displacement is normalized by specimen height, so that the extension or
average tensile strain is one input,

O vertical displacement/H .
and the shear or average shearing strain is e second input,

;yz : horizontal displacement/H

These a~e applied separately, as the stress and displacement solutions for
In all cases the Poisson's ratio v = 1/2.

i
§
3.
combined inputs can be readily obtained by addition of the individual results. l
As a final matter before presenting results, it 1s to be noted i
that the symbol "a'" represents the full crack length for an edge crack and !
one~half the length of a central crack. In the section on J integral !
theory, a' was used to denote a half-crack length, but for notational con-

venience the prime is now omitted.

—— - s S

———
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Representative ic¢sults from the stress analyses of two-dimensional
problems are shown in Figures 43-49; for comparison purposes, asome stress
distributions in specimens without cracks are drawn. In all cases the stresses
are divided by EEzor E?yz; since linear elasticity theory 1s used and the
grips are rigid, ‘hese normalized stresses are, of course, independent of

the input, Ez or ;yz' and the modulus, E.

It is to be observed that the stress distributions for plane strain
and plane stress in Figure 43 are qualitatively the same; the amplitude differ-
ence is due to the difference in constraint and the fact that axial deformation,
rather than load, 1s the same for both cases. The remaining plote of etresses
are for plane strain, as it is believed to be a more appropriate state of strain
for predicting shapes of the stress distributions associated with cracks ad-
jacent to a grip. Por comparison, however, some stress distributions in

samples with vertically centered cracks are drawn.

In the next section many vesults directly applicable to fracture
analysis are given for plane stress, plane strain, and threa-dimensional
problems. First, however, it is of interest to refer to Pigure 50, which is
a plot of the normalized contraction of the free surface, x = B/2 = 0.5 inches;
along the plane of the crack, 2' = 0 (Figure 41). This normalized contraction
is -Ux/EEz, where Ux is the displacement in the x~direction. Figure 50 shows
the characteristic dimple just ahead of the crack tip (which {a easily sgeen
on samples of rubber at high elongations). Also, the formation of lips
(local thickening of the sample near the crack surfaces) ies predicted, and
is represented by the gmall positive and negative values of contraction for
y < a. Notfice further that the contrartion, a short distance ahead cf the
crack tip, is essentially the same as without a crack. Thege results pro-
vide some indication of how complex the three-dimensional problem is and

also lend some support to the validity of the analysis.
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4.4  PARAMETERS RELATED TO FRACTURE 1IN SCARF-JOINT SPECIMENS

The J integral theory does not necessarily depend on a specimen

stress analysis to quanticatively characterize fracture behavior. Rather,

as noted in the section on the J integral, one can determine values of J up

to initiation of crack growth directly from experimental force~digplacement

curves together with application of Equation (7) for elastic materials or

Equation (10) for viscoelastic paterials. However,
imental work that would otherwise

gome specimen analysis

may be useful to reduce the amount of exper

be needed and to aid in selecting test specimen geometry and initial crack

1ly with these two uses. Results
loyed to illustrate the

length. This gection is concerned specifica

from the linear elastic finite element analyses are emp

methods and drav practical conclusions, although the analyses are not for

nonlinear viscoelastic specimens, it i{s believed they provide helpful guidelines.

For a chree-dimensional apecimen, in general, the force~displacement

relation is

F = 5U (61)

where S 1is the gpecimen's stiffness, which is a function of crack length.

As a matter of notatton, we shall suppose the pair (F, U) teprese
Uz) or a shear force and displacement

nts either
a normal force and displacement (Yz,
(F_, Uy). Also, in order to treat both central and edge cracks with the
same notation, F is to be interpreted as one-half the total load on &

specimen with 8 horizontally centered crack and as the total load with an

edge crack.

Equation (7) in Section 2.1 becomes

i a5 (62)

2
) T 2B da

1 9 ,)
I B da (5 v
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ft will be helpful to rewrite this equation in terms of effective specimen

moduli.

By definition,

(F,/BL")
Fege = T0_TH) (63)
(F /BL") .
Cotf =(Uy ) (64)

where L' = L/2 in the case of a central crack and L' = L with an edge crack.
The symbols Eo and G, denote these effective moduli, respectively, in specimens

wvithout cracks.

Equations (62) and (63) yield the expression for J under normal

displacement Uz (assumed positive),

- g 3(Ege/B)

i, -3 EHL'E = (65)
and under shear displacement Uy'
) ?yia(ceff/co)
. Jy - -3 GOHL' T (¢9)
; where, as introduced previously, Ez E Uz/H and ;yz = Uy/H.

Equations (65) and (66) apply to three-dimensional geometries, and thus con-

tain as special cases both plane stresa and plane strain.

The effective moduli ratios Eeff/E° and ueff/co are plotted in i

. Figures 51-58 for several two-and three-dimensional problems. According

TN M TR T L g vy ~

A to Fquations (65) and (66), the J integral is proportional to the slope
D of these curves. Thus, if the slope is essentially constant over a range
of crack lengths, the value of J 18 independent of crack length over this

range. For a linear or nonlipear material, experimental work and data analysis
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Jre minimized whenever it is known J 1s independent of crack length, For

] ] AN (S

horizontally centered cracks and edge cracks, it is seen that the slope is
essent jally constant 1if 0.5 < a < 1 inches for several of the cases in H
Figures 51, 52, 55, 57 and 58. Ffor shear loading, the value or J appears to

be more sensitive to crack length; indeed only for an edge crack with

b = 0.1, Figure 58, is there a range of crack lengths for which J is

nearly constant.

T e )

These results indicate that for a horizontally centered crack,
the best choice for initial length is 2a z 1 inch, and for an wudge crack cne
should use an initial length of a x 0.5 inch. Once a crack starts to
propagate, the rate of propagation may be different through the specimen
thickness, resulting in & curved crack front or tip even if the front is
initially straight. Table 4 shows normalized normal forces at nodal points
along the tip for tensile loading; the area over which each force acts is
the same. In both cases, the crack ls close to the grip, b = J3.1 inch; the
specimen is homogeneous in the first cnge, while there is a 0.1 inch thick
soft liner in the second case. With the goft liner, a tendency for tunneling
is predicted because the forces increase with distance from the free surfaces.
However, for a homogeneous specimen, outer and centrsl forces are about equel,
with a slightly reduced force at 0.25 inch from the free surface; in this case,
the crack front could be expected to remain relatively straight, which is

substantiated by experimental observations.

Let us now return to Equations (65) and (66) and rewrite them
so that results for plane stress, plane strain, and the three-dimensional

state can be compared. (learly, it ig not par

I

lcularly meaningful to

compare energy release rates for equal values of applied deformation because

of the large difference in the global effect of thickness constrajint (es-
pecially with tensile loading). Instead, let us suppose the applied deformwation
is such that the total strain energy for each of these three states 1is the

same without a crack. Denote this strain energy by W then Equatiorec (65)

TO?

and (66) become respectively,




TABLE 4

NORMALIZED NOJAL POINT FORCES ALONG CRACK
EDGE UNDER TENSILE LOADING,
CENTRAL CRACK, 2a = 1 INCH, b = 0.1 INCH

x F_/Ec F /Ee
z Z z z
(Inches) (Homogeneous (0.1 Inch Soft Liner
Spac imens) E /E = 0,2)
liner "prop
(Center Plane) 0 .00530 .01123
0.25 .00478 .00783
(Free Surface) 0.50 . 00526 . 00705
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W, el 1)
J o= - li’ o e (67)
z B "t
W 3 G
j = . X0 lc_ﬁf/(o) (68)
y B' da ’
~-here B' = UB for specimens with central cracks and B' = B for the edge

cracks. Thus, with this method of selecting the deformation, the energy re-
lease rate for each state of stress can be compared by simply ccmparing the
appropriate slopes in Figures 51 - 56. For cracks in the range 1 €2a4<2 inches,
Figures 51 and 52 show that the energy release rate decreases in the order

plane strain, three-dimensicns, plane stress, as one might anticipate from

the effect of thickness conetraint. By contrast, on shear loading, as
Figure 54 indicates, there is almost no difference over practically the

entire i1ange of possible crack lengths.

Normalized effective moduli are given in Table 5 for some three-
dimensional and plane stress cases. These moduli are equal to total load
divided by cross-sectional area, Young's modulus, and the average stratin,

e, or Y 2 Thus, these results serve to show how close the actual three-
dimensional specimens are to a state of plane stress for the same applied
deformation. Notice, for example, that without a crack the rat%o of plane
stress to three-dimensional sample stiffrness is 1.25/1.29 = 0.97. In
contrast, the stiffness for plane strain is relatively very high because

ve 1/2,

The effect of a soft liner on sample stiffness is also indicated
in Table 5. These three-dimensional results show there is & si1. ' , but not
negligible, decrease in sample stiffness with a liner, compared to the

stiffness of 8 homogeneous sample. The effective moduli which are given

enable one to estimate energy release rate from Equations (65) and (66).
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TABLE 5

NORMALIZED EFFECTIVE MODULI
FOR THREE-DIMENSIONAL ANTC PLANE
STRESS STATES

/

4&'—‘5«:3%“; .

b= 0.1 Inch
b @ 1 Inch b = 0.1 Inch
Himogenous Homogeneous 0.1 In. Sofi Liner, Ellnet/Eprop. -2
Crack Length EefE/E Eeft'/! Ee"/!!
2a (Cencral Crack) 3-D |[Plsne » 3-D |Plane o 1-p
0 1.290 1.250 1.290 1.250 1,190
0.5 1.224 1.249 1.149
1.0 1.0%9 0.939 1.152 1.014 1.051
2.0 0.706 0.621% 0.848 . 748 0.767
3.0 0.389 0.341 - 0.460
G.“,/! C.”/!
3-0 , 0 __
0 0.292 I 0.245
0.5 ! 0.291 2.2642
1.0 i 0.202 ] 0.231
2.0 | 0.2%1 || 0.193
| | |
I ! |
-4 -
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Table 6 pives stress intencity factors for several cases of

plane stress and strain. The skew-symmetric shear mode factor, KII' can have
significant effect on the trajectory of crack growth. For edge cracks, it

is to be observed that the dependence of KII on crack length is quite irregu-
lar; thig behavior is a result of the high corner shear stresses which interact
with the shear stresses due to the crack itself. Interpretation of data from
near-grip edge cracks therefore will be difficult because of this behavior.

It is noted for these 2-D problems that where a soft liner is used, the crack

is not at the interface; but, instead it is a small distance into the piopellant.

The energy release rate is readily predicted from these stress-
intensity factors (e.g., Equation (37)) in Section 2. Specifically,
Y

2 2
J--E-:(KI +Kn) (69)

2
where C = 1 for plane stress and C = 1 - v = 0,75 for plane strain; E is

Young's modul s of the propellant.

As a final matter, it will be shown that the results in this
section for central cracks can be used to predict energy release rate for
mixed tensile and shear loading. Specifically, the upper grip displacement

amplitude, U, and orientation, 8, (relative to the lower grip) are given by

U-‘r’uz+u2 0

z y
8 = tan"l U /U (11) :
y z
E
As linearity 1s assumed, ;
;
F =S U +8 v (72) ;
y y v yz 2z 1
F =S U +8 U (73)
z yz Yy z z

ek o o g
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TABLE 6

NORMALIZED TWO-~-DIMENSIONAL

STRESS INTENSITY FACTORS*

1. Central Crack, Ez

b = 1.0, 2a
b=1.0, 2a

b =1.0, 2a

b =0.1, 2a
bs=20.1, 2a

bt =0.1, 2a

Applied

II. Edge Crack, Ez Applied

b~1.0, a
b=1.0, a

b=1.0, a
= 0.1, a
= 0.1, a
= 0.1, a

III. Edge Crack, o
yz

5 b= 0.1, a
= 0.1, a
h=0.1, a

-1

Applied

= 0.5
1.0
1.5

]
—

-96-

Page 1 of 2

Plane Strain

!

2.28
1.76
1.50

1.85

1.50

1.40

0.31
0.12
0.02

K

-2

-0.42
~-0.49
-0.55

0.20
-0.05
-0.33

o

.12
.63

o

.14
.28
R,

=2 B

Plane Stress

Xy Ky
1.11
i.08
1.04
0.94 ' =0.21
1.02 -0.32
1.01 | -0.37
]
|
[
i
1.02 |
1.07 !
|
1.04 |
|
0.89 ! -0,07
0.97 | -0.21
0.99 | -0.33
|
i 0.23
| 0.45
1
! 0.52
0.30 | 0.10
0.15 0.24
0.04 0.40




TABLE 6 (Continued) Page 2 of 2 i f

NORMALIZED TWO-DIMENSTONAL
STRESS INTENSITY FACTORS*

Plane Strain Plane Stress
) Ky 5 K2
¢ =
v, Central Crack, ayz Applied i
b=1.0, 2a = 1.0 0 0.41 ; 0.40
|
b =1.0, 2a = 2.0 0 0.55% ! 0.50
b=1.0, 2aw=3.0 0 0.64 | o.ss
|
!
b = 0.1, 22 = 1.0 0.904 0.32 0.06 0.30
|
- , 2a = c2 .43 07 | 40
= . 2a = 0 -0.03 | 57 0.03 S0
* -
V. Central Crack, £, Applied,
0.05 Inch Soft Liner
(Eliner/Eprop =0.2) i
1.91  -=0.35 91 -0.10
1.7 -0.43 98 | -0.19
1.47 -0.43 97 i -0.19
1
* - : .
VI, Edge Crack, €, Applied, : i
0.05 Inch Soft Liner
(Eliner/Eprop =0.2)
1.40 | 0.20 0.89 ~0.07
1.44 -0.12 G4 -0.13

* Crac% Tip Detail for Cases V and VI

R e e
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Let

A= Uy/Uz (74)
and

F = ¥+ F (75)

Assume ) is constant during actual or virtual crack growth. Then, Equation (6%}
may be used, where S is the ratio of force to displacement amplitudes.
Fur those cases in which Syz = 0, we obtain from Equations (70) - (75),
s2,52,2 | 172 .
z y [ (76)
S =
14+ A

Also, from Equations (63) and (64),

1 1
BL ¢ , s =3k g 1)

The stiffness associated with tensile-shear coupling, syz' vanishes for all
scarf-joint specimens without a crack and with a torizontally centered crack.
This observation can be proved by referring to Equation (73), and considering
only shear displacement (Uz = 0). If Syz ¢ 0, and we change the sign of Uy,
Fz changes sign. However, except for samples with edge cracks, the specimens
are symmetric with respect to the x-z plane, and therefore the induced

force Fz cannot change sign. Thus, we must conclude S"z = 0.
Jy

Censequently, Equations (76) ... 77V and (62) can Le used Lo

predict sample stiffness and energy release rate for mixed-mode loading. This
bservation, together with the complex variation of KII with near-grip edge
cracks, makes samples with horizontally centered cracks more desirable than

those with edge cracks. Two additional reasons for using centered cracks are:

-98-




@ With axial loading there is a high tensile stress
acting along the grip near the central region for a ?
sample without a crack or with a short edge crack; ,
this high stress may lead to premature failure at %
the bondline. In contrast, this stress is relieved '

in a specimen with a central crack.

@ The opening-mode stress intensity factor, KI’
under shear loading is very small compared to the
anti-symmetric stress intensity factor, KII; for
an edge crack the value of KI is comparable to that

of KII’ making interpretation of the data more difficult.
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5.0 STANDARDIZATION OF PREPARATION AND TEST PROCEDURES

A specific set of preparation and test procedures evolved over the
course of the experimental program. The resulting procedures are rather com-

plex and are presented in detail in Appendix A.

Many of the features of this test are unique and are described below.

A few special items are described later in conjunction with the particular tests

to which they apply. The unique features described here include the following

categories:
Refinements {n specimen design
Crack detection aad displacement measurements
Data Acquisition System
Toes and holes
Data Reduction Methods

The experimental procedures were developed in the course of actual

laboratory tests, the J integrals of which are presented in Section 6.0.

S.1 EMPIRICAL REFINEMENTS TO SPECIMEN DESIGN

Three design modifications to tha scarf-joint specimen were derived
from the experimental results. The first involved stress relief cf the speci-

men ends to prevent premature failures thers. The second modification had to
do with the maximum tolerable crack length while the third considered further

the effects of specimen size. These three modifications are described below.

5.1.1 Edge Stress Relief

Three designs of edge stress relief were considered.

These are shown in Figure 59. Design 1 worked well and was easier to prepare

~-100-
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than Design 2. Desfgn 3 (45° angle cuts) is the least expenaive to make and
is convenient to manufacture in the laboratory. However, in some of the later
tests at 0°F some cracking was observed at the tips of the cuts. Design 1 was

finally selected as the standard and was used in most of the testing.

5.1.2 Optimization of Initial Crack Length

A large ghear component 1is known to exist ir specimens
with long cracks (Section 4.0) Besides complicating the data analvsis, this

component also contributes to the nonlinearity of the force-time traces.

A special set of tests was performed to evaluate crack-
length dependency in the scarf-joint test. These tests were condunted on
Minuteman propellant-liner bond specimens with Initial crack sizes, 2a',
varying from O to 2 inches and crosshead speeds of 0.02, 0.10 and G.50 inch

per minute.

The analytical relation for deriving the J integral from

the tegt data ia:

e -1 2
J o % c(a,Uu) UPdu (78)

where: J i{s the J integral
U 18 the point load tensile displacement of the test specimen
t i8 the testing time

m is an empirical constant

The values of c(a,U) and w are obtained from crossplots at

constant a and U according to the following relarionship:
t = c(a,U)RD 79

where f s 2 normalized pulling force and R {s the crosshead speed.

-102-
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The values of m were obtalned from lirear regression

analyses of log { versus log R.

The nonlinearities due to crack size were found to affect
primarily the integral term in Equation (78). Plots of that integral versus

crack length 2a', are given in Figure 60.

The integral for the 2-inch crack falls below the straight
line projected from the values at smeller crack sizes. Considering the
curves in Figure 60, the largest crack size, 2&', that would fit a straight
line projection is 1.6 inches. 7That upper limit was used for the remainder

of the experimental program.

5.1.3 Further Consideratfions of Specimen Size

The earlier experimental considerations (Section 3.4.2)
indicated the optimum specimen dimensions to be rcughly L = 4 in., H = 2 1n.,
and B = 1 in. This specimen size was used as the basic design for the analysis
in Section 4.0. As the experimental efforts continued there were indications :
that larger specimens would give higher load readings and, possibly, more

sensitivity to crack size changes.

The height of the specimen, as originally observed, was

dictated by the method for detecting crack initistion (see below). Thus, the

length, L, and breadth, B, of the specimen were the only parameters amenable
to further investigation. To simplify the plan, considerations were limited
to the slmple grid shown in Table 7, where Lhe behavicr of the base specimen
design (4 x 2 x 1-in.) is compared with that of a two-inch longer (L = 6 in.)
specimen and of a specimen that is one-inch broader (B = 2 in.). These

specimens used the earlier, edge stress relief design; design } 1in Figure 59.
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TABLE 7. EXPERIMENTAL ASSESSMENTS OF DIMENSIONAL VARIATIONS
(H = 2 in.) USING ANB-3066/SD-851-2/V-45

Crosshead

Speed, Test Matrices at 17°F
L' in. Bl in. in'/min 23'/14-0.8 0.3 9_-‘2 0.7
4.0 1.0 0.02 ple.d X x
0.10 X x x

0.50 x *X
4.0 2.0 0.02 xx XX x
0.1C x x x

0.50 xx AX
6.0 1.0 0.02 X X x x
0.10 XX x x
0.50 X XX x

x {indicates test conducted.

S W VIR 0 L
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Both of the bigger specimens developed large shear and normal
stresses along the edges at the propellant-liner bond. As shown in Figure 61,
the broader specimen curled along the sides of the specimen while the long one
curled in along the sides and at the outside edges. These curling effects
caused sufficient stress relief at the crack tips so that secondary bond failures
occurred instead of crack initiation. The secondary bond failures took place
between the insulation and the supporting end plate. The curling effects also
greatly modified the force-deformation traces so that they markedly departed
from the power-law relation that was found applicable to data from the basic
design (gsee Section 5.5).

The three effects of the curling (non-uniform crack propagation,

secondary bond failures and deviations from the power-law relation) precluded

using the larger specimens for this testing. Occasionally, these effects are

seen in small degrees in tests of the basic specimen, making this design the
largest size that should be used. Thus, the basic specimen design, within

the many constraints imposed upon it, is reasonably close to the optimum dimensions.

5.2 CRACK DETECTION AND DISPLACEMENT MEASUREMENTS

The primary measurements in the J integral test involve methods

for:

1. Measuring the applied force

2. Provine meagures of point load displacement

3. Defining initiation of the crack

The force measurements are obtained using well qualified commercial

load cells, and need no further description here. The latter two m=easurements

have some unique characteristics and are described below.




a. One-Inch by 8ix-Inch Long Specimen

e REAR e I VR
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i

e 43

Four-Inch by Two-Inch "ide Specimen

T
e e .
o

Figure 61. Curling Along Sidea and at
Ends of Oversized Scarf-Joint
Test Specimens
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5.2.1 Specimen Displacement Meaaurements

To verify that the scarf-joint bond specimen has been
uniformly extended (the end plates remaining parallel to each other) an ex-
tension monitaring unit was devised. This unit consists of four extensometers
mounted on a flat plate which, in turn, is attached to the upper end-plate of
the test specimen, Figure 62. A second flat plate is mounted to the lower end-
plate of he gpecimen. The four extensometers are designed to measure the

displacements at the four corners of the test specimens,

For most carefully conducted tests, the end-plates remained
parallel within an angular deflection of 0.2°. Although we would prefer a narrower
limit, this appears to be reasonable and is within the expected reproducibility
(statigtical effects due primsrily to liner thicknegs variations in specimen

preparation).

To maintain the parallel displacement of the scarf-joint
bond specimen, it was necessary to couple the two end-plates rigidly to the
tensile tester. Thig required replacement of the standard univeral joint with
a short rigid bar. For the Instron Tensile Testers this also meant a change in
the load cell to one that would allow rigid coupling. A Lebow Model 3169-104

load cell was used for these tests.

5.2.2 Detection of Crack Initiation

5.2.2.1 Concept

The method selected for thig measurement 4gp
called acoustic profilography, which was developed at Aerrojet in 1973 (182
In this approach a sound wave is pulse-generated in a PZT transducer and
transmitted through the test cpecimen. The key measurement is the time required
for the ultrasonic pulse to traverse the specimen after diffracting around the

crack tip, a longer traverse time being required after the crack has propagated.

~108-
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Parallel Displacement Monitoring Fixtire for
the Scarf-Joint Specimen
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figure 63 1llustrates the relative placements of
the transmitting and receiving PZ1 crystals and the interposed crack. Since

the path also increases as the specimen is stretched there will be a linear

contiruously increasing traverse time, as illustrated in Figure 64. Upon crack
initjation and growth, the traverse time suddenly jumps and changes slope,

leaving a clearly identifiable initiation point (also shown in Figure 64).

Using thls technique, a propagation of the crack
tip of as little as six mils can be detected with state-of-the-art data acqui-
sition equipment. However, the very soft liner used in this study produced
poker-chip type fractures that sometimes interfered with the acoustic signal
giving anomalous results. This behavior and a corrective technique are dis-

cusged later in the report.

A specially modified data acquisition system was
used for the ultrasonic measurements, 1in addition to the collection of other
relevant test data. As part of the background data needed to design that

system, preliminary tests were conducted as discussed below.
5.2.2.2 Tests on Specimens Cut from Motore

To demonstrate the applicability of acoustic
profilography to dissected motor samples, we conducted sound transmission tests
through an insulated titanium case section. The sound was gent through a
two-inch layer of propellant, plus the liner, insulation and case. A small
hole was cut through the case to permit direct access to the insulation in
order to make comparr.tive measurements of signal strengths with and without

the case.

Ao illustrated by the oscilloscope traces in
Figure 65, the magnitude of the leading edge* of the received pulge was the
same whether through the case (Figure 65b) or just to the insulation aurface
(Figure 654). This result should greatly simplify those tests where the case

materiale must remain attached to the test specimens.

* Th:a is the reference point for the traverse time measurements.
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5.2.2.3 Operating Frequency

The necessary exposure of some lead wires iu
the scarf-joint tests causes interference and noise, soc the received signals
have to be enhanced by the use of filters. To aid filtering, the natural
frequency of the transmitting crystal has to be as high as poseible, where

removal of low frequency interference is easier.

The commercially availabl~ PZT crystals in the
preferred one-inch diameter had thicknesses of 0.035 and 0.10 inches. When
driven with 175 volt transmit pulses, both of these crystals gave strong signals
across slabs of solid propellant. The measured frequencies and the magnitudes

of the leading edge of the received pulse, in volts, are listed below.

Received
Transaitter Natural Thickness of Pulee,
Thickness, in. Frequency Propellant, in. Volts
0.035 2.25 MH, 1.50 0.15
3.20 0.06
0.10 780 KH, 1.50 0.075
3.20 0.025

The 2.25 MH; transmitter (0.035 in. thick by
one-inch diameter PZT crystal) 1s indicated as the proper choice for the filtering.

5.2.2.4 Optimum Placement of PZT Cryetals Relative to
the Crack Tip

In a series of experiments, the receiver PZT was
placed at various positions relative to the crack tip, using the centerpoint
of the crystal as the reference. Thie experiment is illustrated in Figure 66.
The strength of the received signal, measured at each position, is plotted in
Figure 67. The placement of the crack edge at 0.5 inch, is also shown. The
resulting parabolically shaped curve clearly indicates that the best placement
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Figure 66. Set-up of Test for Evaluating the Optimum
Placement of Receiver Crystal

6007
Crack ;
" centerline '
]
i . —+
|
|
40 + -+
@ 300
I
\ ‘
200 “\1
t
i
I |
| |
o
100 ﬁ .
! ,/;‘ Crack ;
I ' ' '
0 L — —t- — i | L

o
o
o
~N
o
[
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Distance from Crack Centerline, in.

Figure 67. Test to Determine Optimum Placement
of PZT Receiver Crystals
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of the crystal 1s with its centerpoint placed over the edge of the crack. At
that location the rate of change of the received signal should be greatest,

hence the test would be the most gensitive.

5.2.2.5 Final Design of the Scarf-Joint Specimen with
Acoustic Profilographvy

The final design of this specimen 18 ghown in
Figure 68. The PZT transmitting crystal 1s potted with epoxy into a hole cut
into the center of the top plate. The PZT veceivers are potted into holes cut
in the lower end-plate. The holes are centered under the ends of the crack and

half-way between the front and back faces of the lower plate.
5.3 DATA ACQUISITION SYSTEM

The data acquisition system used for these tests was programmed
for system calibrations, to acquire data, to perform the appropriate calculations,
and then to printout and/or plot the test results. Fourteen functions were

designated for this monitoring; they are:

1. Environmental temperature ;
2. Specimen temperature

3. Enviromnmental pressure

4. Tioe in testing

5. Crosshead displacement

6. Tensile component of crack displacement

7. Shear component of crack displacement

8. Load cell force

9. Aty (Time interval for ultrasonic pulse to traverse specimen)
10. At2 (Time fnterval for ultrasonic pulse to traverse specimen)
11. Aty (Time interval for ultrssonic pulse to traverse specimen)
12, Aty (Time interval for ultrasonic pulee to traverse specimer)

13, Ats (Time interval for ultrasonic pulee to traverse specimen)
14. Otg (Time interval for ultrasonic pulee to traverse specimen)
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Channels 9 through 14 were designated to monitor crack initiation
times and crack propagation. These latter measurements were not made on this

program.

5.4 TOES AND HOLES

e o

Two testing anomalies that affected the test development efforts

are:

1. "Toes" in the force-time trace
2. Microscopic holes formed in the liner at the crack
front.

Special development efforts were required to solve each of these

problems. The problems and their solutions are summarized below.

5.4.1 Toes in Force-Time Trace

The initial portion of the force-time trace has a different
curvature from that of the remainder of the curve. Fignre A9 givea sketches of
three different toe shapes observed in this testing. The difference in the
strain energy between the curves repregents less than 2% of that required te fatl the

specimen, so that feature is not considered to be important.

Since the toe represents the point of reference for the
displacement measurements, there can be a sizeable effect between the different
toes. Differences of more than 15% of the crirical displacement have been
observed. This 1s clearly a significant effect aund required rescluticen in

order to give a proper measure of the critical displacement of the test specimen.

The toe marked "loose assembly” in Figure 69 indicates the

curve shape when the effect was initlally observed. As techniques were improved in
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specimen preparatjon and test aligument, the curve changed to that marked
"linear', then to the "rigid assembly" curve. Later Lhe quality of a test
set-up could often be evaluated by comparison of {ts toe with the rigid

assembly curve in Figure 69.

5.4.2 Liner Fractures in Advance of Crack Propagation

Micro-fractures* within the weak 5D-851-~2 }iner have been
obgserved to occur in some specimens prior to the onset of crack propagation.
The microfractures were observud microscopically and found to be of two types;

"tunnels" and 'cones'. The tunmnels were small holes emanating from the edge
of the crack and running perpendicular to the edge (Figure 70b). No attempt

was made to determine the length of the tunnels.

The cones appear to have originated at interior three-
dimensional fractures of the poker-chip type. Then, they propagated to the
propellant-liner interface giving the appearance of an expanding cone.

Figure 70a 1llustrates this cone, the mechaniswm of propagation from the three-

dimensional crack is coniectured.

The impact of these microscopic hclen upon the strain
energy was negligible, Figure 71. But, the holes Afd nhaorb the trensmitted
ultrasound and gave an early indication of crack initiatilou (a large increase

in transit time 1is suddenly observed).

A correction technjque Lo define the true crack
initiation was devised. It involved looking for o sccond step in the tramnsit
tima. If the transit time step caused by the noler iw not large, this second
ntep is a reasonable indicator of crack initiation. I{ the :irst step is
large, then the rranait time associated with crack initiation 1s hidden in the

noise of the data, and no measure of the critical poiut can be mide.

* The local three~dimensional stress condition at the crack front and the
low modulus o€ liner are blamed for these fractures.
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When the acoustic measure does not work, then crack
initiation is taken as the point where the curve deviates from a straight line

in a log-log plot of F versus U.

5.5 DATA REDUCTION METHODS

There are two methods worth considering. The first 1s a general
method that allows for highly nonlinear behavior. The second is a relatively
easler method to use and is based upon the power law relationship. These data
reduction methods, together with laboratory observations, lead to a recommended

pattern for the testing.

5.5.1 General Method of Data Reduction

This method permits the use of both linear and nonlinear
behaviors, as described in Section 2. The J integral is derived from the test

data ueing the following equations:

m ? o
J = -2t m'/—u c(2a',u)U"du (80)
[o]

where: U is the point load tensile displacement of the test specimen
t ia the testing time

The values of c(a,U) and m are obtained from crossplots at

constant a and U according to the following relationship.
f = c(a,U)R" (81)
where f 1s & normalized pulling force and R is the crosshead speed
f= F/28 (82)
The values of m and c(a,U) were obtained from lineer regression

analyses of log f versus log R, where R 18 limited to a narrow range (a factor

of 25). Then, integration at conatant time ‘s followed by partial differentiation

with respect to crack size to obtain J.
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Hand-trimmed specimens of ANB-3066/SD-851-2 propellant-liner
bond (numbered J-71 through J-82) were used to evaluate this method early in

the program. These specimens were tested at 77°F at three crosshead speeds and

five crack sizes.

U
Table 8 contains a tabulation of the 1ntOgta1,4’ c(a,nUMdu
as a function of U for the five test crack lengths. The partial derivative
of that integral is also tabulated in Table 8 along with the calculated J integral

values, which are also plotted in Figure 72.

To complete the analyses of these specimens, the observed crit-
ical displacements, Uc’ are provided in Table 9 along with the corresponding values
of JIc' The test results are consistent, but are not considered to be accurate
considering the preliminary nature of the specimen preparation and testing

procedures.

5.5.2 Power-law Approach

This approach is more convenient to use and may be treated
graphically or on a computer. It is an extension of Equation (8l) and assumes
a further geparation of the variables to give the following power-law relation.

f = K(a) R°U" (83)

where K(a) is conetant for any given test, but is & function of crack size, a,
while n is an empirical constant. The parameters R, U and m are defined as before.
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The J integral derived from the power-law relation can

be of either of the following forms:
J =y t"mU1+m+ﬂ (84)

or, for constant crosshead speed, R,

1=y O © (85)
where
- 2 3K (a) ,
Y* 1o (;Za' ) U (86)

Tables 10 through 13 {llustrate this data reduction procedure
for a set of tests conducted at 0°F. In this fllustration there were 13 specimens
tested at five different crack sizes and three crosehead speeds. With this

number of specimens the results are reasonable.

The individual values of n wera obtained from separate regression
analyses of log f versus log U, which usually has correlation coefficients
between 0.999 and 0.9999. Typical data are given in Table 10. These values are
averaged (a mean of 0.787 1s illustrated) then used to force parallel zurves
through the data to obtain the individual Ao values. The quantity Ao is obtained
from the relation

n
f = Aob @an
Thus, from Equation (83), we have
m
Ao = K(a)R (88)
The Ao values given in Table 11 are used in regression
analyses at constant crack size to obtain the separate values of m, which are

also listed in Table 1i. These values of m sre averaged (a mean of 0,163 is

shiown), then used to give parallel curves to obtain the individual values of K(a).
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TABLE 10

DETERMINATION OF (n) FROM SPECIMENS
TESTED AT O°F AT ATMOSPHERIC PRESSURE

Specimen No. 2a, inch R, in./oin n
5-10 0.2 0.10 0.817
5-12 0.4 0.02 0.773
5-12 0.4 0.10 0.838
5-50 0.4 ©.50 0.805
5-30 0.8 0.02 0.840
5-11 0.8 0.10 0.781
5-29 0.8 0.50 0.784
5-31 1.2 0.02 0.772
5-26 1.2 0.10 0.780
5-28 1.2 0.50 0.770
5-49 1.6 0.02 0.740
5-27 1.6 0.10 0.776
5-56 1.6 0.50 0.758

mean = 0.787




TABLE 11
DETERMINATION OF (m) FROM Ao VALUES TAKEN ON SPECIMENS
TESTED AT O0°F AT ATMOSPHERIC PRESSURE

Specimen No. 2.: inch R, in./win Ao 3 o _
5-52 0.4 0.02 1108 0.136
5-12 0.4 0.10 1436
50 0.4 0.50 1715
5-30 0.8 0.02 913.7 0.157
5~11 0.8 0.10 1195
5-29 0.8 0.50 1513
5-31 1.2 0.02 872.5 0.157
5-26 1.2 0.10 1070
5-28 1.2 0.50 1448
5-49 1.6 0.02 659.3 0.203
5=-27 1.6 0.10 940.8
5-56 1.6 0.50 1267

mean = (0.163
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Then, all of the K(a) values reported in Table 1 are used in
a further regression analysis versus crack size (2a') to obtain the
3 K(a) value which equals -590 in this case.
32a R,U
Inserting the constants obtained above into Equat ion (84)

gives

1 = 605t -0.16301.95 (89)

The exponent on U is very close to the ideal value of 2, which theorctically

applies to elastic materials.

The constant rate form of the J integral 1s

5 = 605R0-163y1-79 (90)

As in the general method, J-critical is obtained from u,- The

J values of this test are given in Table 13, and yield an average value of
in.-1b

2
in.

31.56

Fracture Approach

Combining Equations (83) and (85) and taking the

values at the critical point gives the following interesting relatfon for JIC'

"rcuc'.
I R
JIC R{a)

1
— — N

(91)

Within experimen* ~ ervor the quantity inside the
bracket {s a constant over the test matrix. S$ -~ ¥ {s a constant then

JIC is also.

The constancy of chc/K(a) is8 illustrated {n Table 14:
-3
there the mean value 15 5.96 x 10 ~. Inserting this quantity into Equation (91),
and taking the previously used value of ¥=605, gave JIC = 3.61 in.-lh/in.z. Thia

value 1s almost {identical ro~ that given in Table 13.
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TABLE 12

DETERMINATION OF (3K(a)/328')R U

FROM SPECIMENS TESTED AT O°F
AT ATMOSPHERIC PRESSURE

A -
Spec imen No. R, in./min 2a',in. K(a) [3K(a)/32a"]

R,U
5-52 0.02 0.4 2099

5-30 0.02 0.8 1729

5-31 0.02 1.2 1652

5-49 0.02 1.6 1248 -657.5
5-10 0.10 0.2 2293

5-12 0.10 0.4 209

5-11 0.10 0.8 1739

5-26 0.10 1.2 1557 -652.0
5-27 0.10 1.6 1370

5-50 0.50 0.4 1920

5-29 0.50 0.8 1694

5-28 0.50 1.2 1622 -393.8
5-56 0.50 1.6 1419

overall value = -590.1
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DETERMINATION OF

TABLE 13

J1c CRITTCAL FROM SPECIMENS

TESTED AT O°F AT ATMOSPHERIC PRESSURE

Specimen No. R, in./min 2a,

-0.163, 1.9¢

5-52
5-30
3~31
-5~49

510
5-12
5-11
5-26
5-27

550
5-29
5-28
5~56

o

o

~
——0 o0

o o o

J = 605
inch UcLinch 1c t
4 -
8 0.093
2 0.087
6 0.073
mean = 3,82
2 -
4 -
8 0.073
yi 0.073
6 0.063
3.59
4 -
8 0.050
2 0.068
6 0.053
mean = 3.23
-122- necan =3.56
-1132-
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The real value of Equation (91) is that it provides
an ifuternal check on the critical value determinations.

o

5.5.3 Preferred Test Matrix

Analyses of various test results using the power-law
method have demonsatrated the need for:

TS I T UL B2 T Gl

Test replications sufficient to eliminate or
minimize the effects of bad data

As wide a range as possible for the crack sizes

(an upper limit of 1l.6~inches wae previously established)
At least three deformation rates

A test pattern like the following 1s recommerded as a

minimum effort. A reduced test matrix with half this number of tests was
followed on this program.

Crosshead Speed Tests at Crack Size 2a’', in.
in./min 0.4 0.8 1.2 1.6
0.01 X XX XX X
7.10 X XX XX X
1.00 X XX XX X

X indicates a aingle test to be performed under the
indicated conditions.

-1 34-
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6.0  EVALUATIONS UNDER STRESS CONDITIONS THAT DUPLICATE THOSE 1.  MOTOR

The goal here is to evaluate the J integral under typical motor loading
conditions, then compare the results to find the extent of the change. Only
three sets of tests were conducted. The first provided measures of the J
integral under superimposed pressures. The second was a serics of tests under
combined tension and shear, while the third evaluated the effects of simultancous

cooling and deformation.

All of the force-displacement data for these tests are reported in
Appendix B. The tests were all performed on bond specimens of ANB--3066/5SD-851-2/
V-45, propellant/liner/insulation. Different propellant batches were used in
each test matrix so the results may not correlate. Also, variations in some

experimental procedures did occur because of attempts to improve them.

6.1 EFFECTS OF SUPERIMPOSED PRESSURES

This testing involved measurements at three superimposed preasures
{atmospheric, 500 and 1000 psig) at two test temperatures, 0 and 77°F. They
were the first tests to be conducted in the MTS hydraulic tester, which
is a low compliance system that allowed a rigid connection to the load cell.
Whea this work was conducted the test methods were still in development, so
some variations in testing sequences occurred. The test matrix conducted
in this effort are provided in Table 15, while the individual test resul(s

are given in Appendix B, Tables B-5-1 through B-5-6.

The data reduction followed the procedures described in Section 5
for the power-law relation. The key parameters derived from the raw data
are tabulated in Tables 16 through 21. 1Ideally, 1n each test matrix the
values of n should be the same for all of the tests, while the values of
m (calculated at each crark size) should be the same over the Leat matrix.
The K(a) values rhould be independent of crosshead rate, but vary with crack
sfz¢. These generalizat tons scem to he cupported In each ol the derived data

tabulations (Tables 16 through 21).

PR I P

-5 7 N T MR T MR T 1 PR RN ey e e AT Te Ao . 2 SETE 3 S
e e i o ekt 30 .9 ATl 0 S MRS | 0 5 e - i - i e 0 4 e o e Pt e

SR T T YRS TR




TARLE 1S

TESTS CONDUCTED UNDER SUPERIMPOSED PRESSURES USING THE
STANDARD SPECIMEN WITH ANB-3066/SND-851-2/V-45

Superimposed Crosshead
Pressure, Speed, Test Matrices

Temp., °F _____psi _in./min 2a', in, = 0.2 0.4 0.8 1.2 1.6
0 0 0.02 X X X X
0.10 X X X X X
0.50 X X X X
500 0.02 X X X
0.10 X X X

0.50 X X

1000 0.02 X X
c.10 X X vy

0.50 X XX
77 0 0.02 X X X ¥
0.10 X XX X X X

0.50 X b4 X
500 0.02 X X X Y
0.10 X X X v

0.50 X X

1000 0.02 X Xy
0.10 X X iy

X indicates test conducted.
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For convenicnce, the final parameters are stmmarized in
Table 22, along with the critical values of the J integral, ch. The key
feature of these data is that the quantity l4m+n {8 nearly equal to 2 and

varies little with the test conditions. The variations in ¥ (hence of .J

- “le
K(a)
stem directly from those in %5;T~)R p @s given in Equation (86}.
.2 BK(a)
¥ 1+m+n 320" ) R (86)

The parameter K(a) depends somewhat upon specimen stiffness, so
we should expect it to be significantly affected by temperature and super-
imposed pressure as well as crack slze. Thus, temperature and pressute
dependencies sre to be expected for the J integral. The results in Table 22
exhibit a small pregsure dependence at 77°F and a large effect at O°F,

At atmoapheric pressure, the ch value at 0°F 1s more than twice that at 77°F,

The statistical variations of the dats in Table 22 stem from
variabilities of specimen dimensions and liner thicknesses (typically, 0.02
to 0.06 in. within a single specimen) plus errors in defining fracture ini-
tiations. Some of these effects were corrected by improved techniques, others

can only be handled by replicate testing of a larger number of test specimens.
6.2 TESTS UNDER COMBINED TENSION AND SHEAR

In case-bonded grains near grain ends or boot release points,
there are several loading conditions that produce axial shear stresses com-
bined with radial normal stresses. When the loading condition is due to
low temperature cooling the normal stress {s tensile. This combined stress
condition can be approximately dup'icated in the scavrf-joint specimen upon
pulling it at an angle as fllustrated in Figure 73. When pulled in thia
fagshion the specimen bondline experiences hoth shear and tensile force

componencs.
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~Pulling Fixture

Scarf Joint

4
: fzrz%
w | on
Pulling Fixture oo

Figure 73, Fixtures tor Testing the Searl=Jjoint Specinen in Comhined
Tension and Shear
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The normal component of the deformation was measured by four ex-
tensometers, shown in the photograph of Figure 74. There was, in addition,
one extensometer which measured the shear component of the deformation C
(also shown in Figure 74). A sketch of the shear component extensometer is
given in Figure 75. Excellent comparisons were obtained between these measure-
ments and the cofresponding components calculated from the crosshead movement.

These latter measurements, therefore, were used in all of the data analyses.

The normal and shear components are rectified upon considering
that the specimen in its usual tensile test mode is at an angle of 0°. Ro-
tating the specimen to some angle 6 like that: in Figure 73 produces at the

bondline a shear force component, fr’ and a normal force component, fn, def ined

by -

fT = f gin 6 (92)
fn = f cos O (93)

where f is the overall pulling force.

Similar shear and normal components* are needed for the crosshead
rate (Rr‘and Rn)’ displacement (Ur and Un)' and the intercept constant
[KT(a) and K (a)]. Thus, the power-law relations (see Equation (85)) become

£ = K(a) RT"‘ UT“ ! (94)

n

. (95)

m
fn Kn(a) Rn U

* RT = R sin 6
R - R cos ©
n
!J_r = Usin 0
U - U cos ©
n
KT(a) = K(a) sin b

>
2
~
=]
~—
[ ]

K(a) cos §

~146-



Scarf=Joint Snecinen v ith
Extensometers Mounted fovr the
Measurement of Shear and Nermal
Components of the Defermation
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Figui.¢ 75. Shear Component Extensometer

(Used in measuring shear deformation in
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The exponents m and n are not affected by the compaonent rectification,

The J integral relation, Equation (84), becomes for the normal

component, JI’

l4+m+n
3 vnc'“u, (96)

and the ghear component, J

y
A

l4m4n
JII ‘+‘tc'mu‘r (97)

The total J integral, J, is given by

J=J,+ It (98)

Observations of thermal stress analyses of motoras show that the
shear component never exceeds the normal component; that is, 6 < 45°. Also,
at the grain ends or boot release points, a typical value for the scarf angle,
8, 1s about 30°. The test plan in Table 23 was devised in terms of these
two scarf angles, 30 and 45°. It provides for tests at 0 and 77°F, with

two scarf angles, three crosshead speeds and three crack sizes.

The test results are given as force versus displacement data in ‘
Appendix B in Tables B-6-1 through B=6-4, Tables 24 through 27 contain the '
derived values of m and n and the normal and shear components of R, K(a),
(BK(a)/aza')R,U and Uc' Table 28 summarizes the key parameters and gives the

J and the Total Jc.

average values of JIc' IIc

The J_ values at 0°F are 2.65 and 3.90 in.-1b for the 30 and 45°
in.
scarf angles, r:cspectively. Better agreement between the two scarf augles
was obtained at 77°F, with J. equal to 1.08 and 1.)0 in.-1lb. The standard

ln.2

[N SRR YN W VO

angle scarf-joint test data (see Table 22) gave e values (equal to J. for this
case) of 3.75 and 1.53 in.-1b for 0 and 77°F tests, respectively, which are in
in.

good agreement with the above data.
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TABLE 23

TESTS UNDER COMRINED TENSION AND SHEAR USING THE STANDARD
SPECIMEN WITH ANB-3066/SD-851-2/V--45,
PROPELLANT/LINER/INSULATION

e
]

i
-4
T Crosshead Test Matrices
: Loading Rate,
Temp., °F Angle in./min 28', in. = 0.2 0.4 0.8 1.2 1.6
0 30° 0.02 X X ¥
0.190 X X X
0.50 X X X
45° 0.02 X XX
0.10 X X
0.50 X X
77 30° 0.02 X X X
0.10 XX X X
0.50 XX XX ¥
45° 0.02 X X X
0.10 X X
0.20 X X X
0.50 X X Y.

X indicates test conducted.
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6.3 SIMULTANEOUS COOLINCG AND STRAINING TESTS

The condition of tempcrature cycling in a case-bonded propellant
grain involves simultaneous cooling and straining as an important loading
mode. The testing planned here {s an attempt to duplicate that loading in

the scarf-joint specimen.

The test plan was developed after thermal analyses (given in
Appendix C) of the scarf-joint specimen predicted that at 47°F/hr rate of
temperature change a maximum thermal gradient of 5°F would be ohtained. This

was congsidered to be the maximum tolerable thermal gradient for the test.

The actual matrices completed in the program are listed in
Table 29. There were three temperature ranges (125 to 70°F, 125 to 40°F and
125 to 0°F), three temperature change rates and four crack sizes. The tests
to O°F were originally planned, while those to 70°F were not. The test
matrices are incomplete due to a loss of test specimens during the preliminary
check-out of :the equipment and test procedures. The tests from 125 to 0°F
were stopped after a few tests because of temperature control problems below
40°F. This test matrix was then replaced by that for the 125 to 70“F

test plan.

Another test anomaly was encountered and not solved until most of 3
the testing was complets. The tests were conducted on an MPS hydraulic tester
the piston of which produced a swiall torsional moment in the test specimen.
The moments would accumulate then release in a stick-slip fashion that yielded
a slightly jagged force-time trace. Occasionally, 8 large moment would
accumulate and release making the force-deformation trace unusable. The loss

of the test date further reduced the test matrices.

The available date (tabulated in Appendix B, Tables B-7-1, B-7-2
ard B-7-3) were evi.luated as well as possible considering their incomplete
nature. The deriveu values are provided in Tables 30, 31 and 32 and the

results summarized in Table 33. The test results must be considered to be

crvde in spite of the appareatly good agreement of the J]c viiines (0,46 to




in.-1b
0.59 -

in.

The test data were reduced assuming temperature independence* of the

J integral and applicability of the power-law relation. This is a reasonable

assumption for the temperature ranges used because of the very low deformation

rates and the low temperature dependence of the ANB-3066 propellant, which

uses a CTPB polymeric binder.

* A theoreffzzl';thnd was developed by Sharery to do this, but requires
perallel teste on uncracked test specimens. This procedure was not

known at the time the teats were conducted.
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TABLE 29

TEST PLAN FOR SIMULTANEOUS
COOLING AND STRAINING MEASUREMENTS
OF ANB-3066/5D-851-2/V-45

Cooling
Temperature Duration Rate Test Matrices
Range Hr. °F/Hr 0.4 0.8 1.2 1.6
125 to 70°F 2.66 20.7 XX
8.33 6.6 X b6 X
27.5 2.0 XX
b 125 to 40°F 2.66 32.0 XXX
] 8.33 10.2 X XX X X
27.5 3,09 XX
125 to 0°F 2.66 417.0 XX
8.33 15.0 XX
: 27.5 4.55 X X
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7.0 ) LNTECRAI. EVALUATIONS BY OTIHER TEST METIIODS
One of the objectives of this program was to demonstrate that the J in-
tegral at the propellant-liner bond can be measured using other test methods.
For this demonstration it was necessary to measure only the opening mode J
integral, JI. These measurements were made on the strip biaxial tensile and

cylindrical peel tests.

All of the tests were performed on specimens consisting of
ANB-3066/SD-851-2/V-45 propellant/liner/insulation bonds.

7.1 STRIP BIAXIAL TENSILE TESTS

This teating involved specimens that were similar in general design
to the scarf-joint specimen (Figure 69), except that the dimensions are 7-in.
long by l-in. high by 1/4-in. thick. The ends had a circular end relief of
1.625~1n. radius that extended 0.2-in. into the specimen.

The test matrices for the strip-biaxial tensile tests are given
in Table 34. They include testing at 0 and 77°F with limited testing at three
crosshead rates and four initial flaw sices. The raw data from each test are
provided in Appendix B, Tables B-4-1 and B-4-2.

The power-law data analysis was found to be adequate for these
tests. The derived values in the analysis are listed in Tables 35 and 36, and

the final results summarized in Table 37.

The 77°F test data were found to fit the relation

J = 1031 c’°'117 p2- 1 (99)

This should be compared with the scarf-joint results which obeyed the

following equation

-0.137 2.048

J = 199.5 ¢ (100)
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TARLF 134

TESTS CONDUCTED OW STRIP ElAX1AL
TENSILE SPECIMENS WITH ANB-3066/
§D-851-2/Vv-45

t,
&
r
E Crosshead
3 Temperature Speed, Test Matrices _
E °F in./min. 2a', in. = 0.4 0.8 1.2 1.6
% 77 0.02 XX
T
: 0.10 X X XX X
0.50 X
0 0.02 XX
0.10 X X XX X
0.50 XX
X 1indicates test conducted
-
3
&,
E :
¥
i
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The primary difference in the 77°F data is in the constant ¥, which

in the strip biaxial tests is about 5.2 times larger than that of the scarf-joint

tests. The deformations at crack initiation, Uc' are on the other hand larvrger
in the scarf-joint test (by a factor of about two) as seen upon comparison of
Tables 19 and 35. These two differences appear to be offsetting in the final

calculations (Tables 22 and 37) which yield a value for JIC of 1.53 124:%2

In.
for the scarf-joint test and 2.18 12'—:%—b»fm' the strip biaxial test . This
in.
difference is attributed to batch-to-batch effects of the propellant and liner

and to differences in the test specimens,

There is an inexplicably large propellant stiffness in the strip-
biaxial specimen as compared with the scarf-joint specimen. This is illustrated
below for the force per unit width on specimens deformed to 0.05 in. at
0.10 in./min crosshead rate, The initial flaw sizes are also roughly adjusted
upon division by specimen length, L.

Scarf-Joint Strip Biaxial
Crack Size Initial Flaw
2a', in. 2a'/L f,1b/1in. Size, 2a', in. 2a'/L f,1b/1n.
0.04 0.10 48.2 0.8 0.114 207
0.04 0.10 58.6
0.8 0.20 49.0 1.2 0.17 192
1.2 0.17 197

Clearly, the strip bilax!{al specimens exhibit about four times the stiffness of

the scarf-joint specimens.

The testing at 0°F was disappointing. Again, the deformations were
relatively small (less than one-half those of the scarf-joint test). But,
the specimen stiffnesses were even greacter, as illustrated by comparisons
of the K(a) values in Tables 16 and 36. An impact of these large stiffnes:es
was to reverse the sign on the slope of the K(a) versus 2a' plots. This l-ads

to regacdees fracturs .o face energies, which has no physical meaning. Aatt mpts
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to use the general method of analysis led to similar negative result.

It is not known if this behavior is typical of other strip biaxial
specimen designs and testing procedures. However, the one good result at Y
77°F suggests that the strip biaxial test can provide similar JIc values.
Some further testing design would be required, before the test could be .

used routinely.
7.2 CYLINDRICAL PEEL TESTS

This test was conceived and developed at Thiokol (see Ref, 19).
The testing and the specimens designs used on this current effort fullewed

those given in Ref. 19 except for the specific requirements of the J integral.

The matrices for these tests are given in Table 38, which re-
quired 21 cylindrical pecl test specimens. This plan involved tests at

two temperatures (0 and 77°F), four pressurization rates and three crack sizes.

The test specimens were prepared in the configurafrion given in

Figure 76, which 1llustrates the adhesive bond design. The original specimen

design had an outside diameter of 1.00 in. to permit the use of three different
initial flaw sizes and to reduce the relative size of the largest flaw. This
testing was performed early in the program before it was learned that there

was a maximum acceptable size for the initial flaws. If this had been known
earlier the specimen outside diameter would have been increased to 2.0 in.

with the initial flaw sizes remaining the same (0.55, 0.7 and 0.8 in. dianeter).
The minimum flaw size, 0.55 in. diameter, was set by the center drill hole

(0.375 1in.) plus a cut depth sufficient to give reproducible effects.

The test data were recorded on a two-pen strip-chart recorder.
The driving force to open the crack was the internally ayplied pressure P
which was recorded as a function of time. The axial deformation, U, was

measured using an extensometer that was gravity loaded against the top of
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the specimen. The internal pressure and deformation data for this testing

are tabulated in Appendix B, Tables B-3-1 and B-3-2.

The data reduction procedure assumed a pover-law approach like

_that used for the scarf-joint specimen, Equations (83) through (88). There

is a difference, however, in that the cylindrical peel test results require

an inversion of the independent and dependent variables (force and displacement).
This inversion leads to the following power-lay relation for the axial

deformation, U.

U= k(a) p" P’ ' ‘ (101)
where b

P is the internal pressure, psig

P 1s the rate of pressurization (a constant for any given

test), psig/min,

k(a) 1is a parameter that is constant for any given test and

varies only with crack size.
y and v are empirical constants.

The basic J integral analysis for this test, however, is based
upon the volume change associated with the opening of the crack. However,
this parameter was not measured in ihesg tests for three reasons.
First, the axial opening of the initial flaw was very small (less than 0,007 in.
at crack initiation). Second, hydrostatic pressurization of the internal
cavity would produce a marked volume change in addition to that for the
opening of the crack, Third, volume change measurements at these levels
would require highly accurate, carefully designed equipment, which was not

available. For these reasons, we chose the axial extension measurement method.

The data reduction method selected was to relate the volume change
to the axial extension then treat the data as if they were dilatometric. For
this purpose, the initial flaw is assumed to be penny-shaped and does not

propagate. The tip of the crack is assumed to deform extensively, so that
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the crack faces can move essentially parallel to each other. Thus, the rclation

between the volume change, V, of the crack and the axial separation, U, of

the crack faces is given by

-,
v-ﬂéﬁ‘—lU ‘ (102)

where 2a' is the diameter of the initial flaw.

Combining Equations (101) and (102) gives

12 !
veli2ed oy gt (103)

The pressure is related to the time, t, in the test by the relation

P=pt (104)
Combining Equations (103) and (104) yields

2 -u _udv
v-102)" Ka) e TP (105)

The complimentary energy, wc, calculated at constant time and

crack size is given by
P .
wc = ‘/F VdP \ (106)
(e}

Inserting Equation (105) into (106) and completing the integration gives

142 -
(2a') k(a) t UPl'h-H'V (107)

LAl ¥ S Tremrwn

According to theory, the J integral can be written as follows

(the negative sign is not used in evaluating the compliment)

2 8wc
J = B 37av (108)
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where B is the circumferential length of the intial ctéck tip, in.
2a' is the diameter of the internal initial crack, in.
For the circular flaw the relatiqnship for B is
B = 2Mla’ (109)
The resulting J integral relationship is
J= (2a') ¢ P plTUHY e (110)

where

1 3k(a) (111)
2(14mtv) | 3(2a'

) L]
psP
The constant pressurization rate relation becomes rate
3= (2a") o p¥ B (112)
This latter relationéhip was used in the data analysis.

The nature of the power-law relation, Equation (101), is that
k(a) is related to specimen compliance, so the parameter (ak(a)/BZa')ﬁ P
1]
is positive, while u is negative.

The data analysis led to the derived values listed in Tables 39
and 40, with the final results summarized in Table 41. The JIc values,

0.30 EE:%E at 77°F and 0,57 354:%2 at 0°F, may be compared with those
in in.
for the scarf-joint test in Table 22 (1.53 and 3.75 134:%9 » respectively).
in.
The JIC values for the cylindrical peel test are between 15 and

20% of those for the scarf-joint test. The consistency between the two
tests suggests that the cylindrical peel test can he developed to give a pood
measure of the J integral, but the present design and test procodures need

improvement.
~174~
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8.0 TESTING OF DISSECTED MOTOR SPECIMENS AND EVALUATIONS OF
TEST REPEATABILITY

The primary goals of this testing were; to apply the J 1ntegfa1 measure-
ments to other well characterized propellant/liner/insulation bond systems,
then to measure the level of the experimental error in the scarf-joint test.
The first objective was combined with a desire to know the applicability

of this test to specimens dissected from motors. Two well characterized

bond systems were chosen for this, the Pdlaris A-3 Stage 2 motor and

the Minuteman III Stage 2 motor. The first motor involves ANP-2969 propellant,
with no liner, bonded to V-52 insulation and a fiberglass case. The Minute-
man motor used ANB-3066 propellant, Sp-4851-2 liner, V-45 insulation and a

titanium metal case.

The statistical measurements were conducted on an MX Stage II candidate
bond system ANB-3600 propellant, SD~923 liner and WS-15353 insulation. In
addition to defining the level of the experimental error, this testing gives
more assurance of the applicability of the J integral method to different

propellant/bond systems.

The following subsections describe first evaluations of the motor

bond systems then the determinations of the level of experimental error.
8.1 EVALUATIONS OF MOTOR BOND SYSTEMS

This testing involved the adhesive bonds of specimens which had
been obtained from full-scale motors by dissection. Initially, the motor
case portion of the specimen was cut to size, while the propellant, liner
and insulation were left oversized. The final milling of the propellant and
liner (the insulation was left oversized for purposes of saféty in milling)

brought the specimens to the desired dimensions and alignment with the case,
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During initial trials the upper end plate-to-propellant interface
was kept flat, ignoring the small curvature (23 and 26 inches) of the two
motors. However, the testing indicated crack initiation along the sides
of the specimen. A satisfactory correction was to change the curvature of
the upper end plate-to-propellant interface to match that of the motor case.

Cereful observation of the crack tip showed esséntially uniform initiation and

propagation for the corrected specimens.

Alignment of the specimen while bonding to the end plates required
special techniques. The upper end plate was easily aligned and bonded (even
with interface curvature) by placing them on & flat surface. The case-to-end

plate interface, however, required the use of the alignment fixture illustrated

in Figufe 17.

The initial flaw is cut in these specimens using.a special, very
long cutting blade, Figure 78a. The blade is aligned between the blocks of
a cutting guide on one side and held against a single block on the exit side,
Figufe 78b. The cutting blade is made of spring steel and holds the
curvature of the guides across the specimen. A small hole is drilled
through the scarf-joint specimen at the propellant/liner bond, the piano
wire part of the cutting blade is pushed through the hole, then the blade
is pulled through the specimen. In the case of a gummy liner it is better
to start with a small blade, since the first cut is often rough. The second

blade usually gives a smooth cut and minimizes the damage at the crack tip.

Further details on the specimen and cutting alignment fixtures

and the cutting blade are provided in Appendix A, Figures A-2, A-3 and A-4.

Tests of the specimens dissected from the Polaris A-3 Stage 2
and Minuteman III Stage 2 motors are given next.
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Music Wire

Cutting Blade

Scarf-Join
Specimen ™~

Cutting
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r---l
\\\\\ Cutting
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Figure 78, Bonding and Cutting Alignment Tixture and
Cutting Blade For Motor Specimens
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8.2 TESTS OF SPECIMENS DISSECTED FROM POLARIS A-3 MOTOR S/N 2864

~ These tests were all performed on bond specimens of ANP-2969/
V-52/epoxy~-fiberglass, propellant/insulation/case. The test plan for this
‘work is given in Table 42, while the force-displacement data are tabulated
in Appendix B, Tables B~10-1 and B-10-2. |

The data reduction followed the procedures described in Section 5
for the power-law relation. The derived values of m, n, K(a), (8K(a)/32a')R U
?
and Uc are tabulated in Tables 43 and 44. Table 45 summarizes the key

¥

parameters, including ¥ and JIc'

The J. values were found to be 1.21 and 3.06 324:%2 at 77 and .

Ic in.

0°F, respectively. By comparison the J_ values for the ANB-3066/SD-851-2,

Ic
propellant/liner bond (Table 22) were 1.53 and 3.75 124:%9- at 77 and O°F,

respectively. in.

The primary differences among the two btond systems are the values

of ¥, which are tabulated below.

y
Bond System 77°F 0°F
ANP-2969/V-52 - 77.7 129
ANB-3066/SD-851-2 200 605

Another difference among the two bond systems was the deformation
at crack initiation, Uc’ which was higher for the ANP-2969/V-52 bond system;
namely, 100% higher at O°F and 25% higher at 77°F.

The ANP-2969/V-52 bond system also evinced clear characteristics
of a slowly increasing crack rate (from infinitesimally low to a moderate
rate). This has caused difficulty in visually defining a point of crack

initiation, so the method was not used.
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TABLE 42

i

i ' TESTS OF SPECIMENS DISSECTED FROM
£ POLARIS A-3 MOTOR S/N 2864

%

v
§
L4
t

Temperature Crosshead Rate, Test Matrices
°F in./min 2a' = 0.4 0.8 1.2 1.6
77 0.02 XX
0.10 X X XX X
0.50 XX
0 0.02 XX
0.10 X X XX X
0.50 XX

X indicates test performed.
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8.3 TESTS OF SPECIMENS DISSECTED FROM MINUTEMAN IIT MOTOR S/N AA20147

These tests were all performed on bond specimens of ANB-2066/SD-851-2/
V-45/Titanium Metal, propellant/liner/insulation case. The initial test plan for
this work is given in Table 46. The plan was completed, but surface hardening
of the propellant(clearly apparent in Shore A hardness tests) caused early
crack initiation at the outside edges of the cracks. This was detected vigually

in some of the test specimens.

The effects of surface hardening of the propellant are best illus-
trated in terms of the deformation at crack initiation, Uc. The reduction in
this parameter is seen in Table 47, which compares the Uc values at 77 and O°F
for the motor specimens with previously measured scarf-joint specimens (Tables
16 and 19). Also included are data from repeat tests where surface hardening
was minimized. At O°F there is a marked difference (by e ratio of more than 3)
among the standard specimen and the surface hardened motor specimen.

At 77°F there is only a smallhdifference among the Uc values for
the hardened motor specimen and the repeat tests. The latter tests were care-
fully observed to assure uniform crack initiation and propagation along the
crack tip. The clear difference among the Uc values for the standard scari-
joint tests and those for the trepeat motor specimens {s attributed primarily

to batch-to-batch and carton-to-motor effects.

For the dissected motor specimens, the only complete set of data
analyses were those performed on the repeat tests at 77°F., The plan for this
tegting is given in Table 48, while the force-displacement data arc tabulated
in Appendix B, Table B-8-1.

The data reduction followed the procedures in Section 5 for the

power-law relation. The values of the derived parameters are tabulated {n

Table 49, while Table 5C summarizes the key parameters.




Temperature
°F

77

X indicates test

TABLE 46
{NITIAL TESTS OF SPECIMENS DISSECTED FROM

MINUTEMAN ITI STAGE 2 MOTOR S/N AA20147

Crosshead Rate
in./min 2a', in. =

1.02

0.10

0.50

0.02

0.10

0.50

performed.

Test Matrices

0.8 1.2 1.6

XX

XX

XX

XX
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TABLF. 48

REPEAT TESTS AT 77°F OF SPECIMENS DISSECTED
FROM MINUTEMAN T1I1 STAGE 2
MOTOR S/N AA20147

Ny

Crusshead Rate Tests

_dn./min 2a’, tn. = 04 0.8 L.2 1.6
0.02 XX 3
0.10 X XX XX X
0.50 XX

X 1indates test performed.
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tn.-1b

The J;  value of 1.89 2 4s in good agreement with the standard scarf-
in.-1b
joint test value of 1,53 in 2 that was previously given in Table 22. Since

the standard scarf-joint specimens and the dissected motor specimens were pre-
pared from separate propellant and liner batches, a larger difference among i

the two test results might have occurred.

e e

The good agreement between the two specimen types does not prove
that the two tests give the same results. But, the two tests ylelded similar
force-deformation profiles and both followed the power-law relation in data

analysis. The observed uniform propagation of the crack front in both specimens

further indicates no special stress concentratior problexs.

In summary, the test results are satisfactory and they, most
certainly, indicate that the testing of specimens obtained from large motors
is practical. Tests on specimens from smaller motors should be attempted as

soon as possible,
8.4 MPASUREMENT OF LEVEL OF EXPERIMENTAL ERROR IN SCARF-JOINT TEST

This objective was met using a method of experimentation which can
quickly anrd efficiently evaluate a number of factors all at one time. In this
method, all factors are varied for each experiment accordiug to a 'Graeco-

Latin square" experimental design2 Originally, the plan was designed to use
a 4 x 4 Graeco-Latin square which would permit the evaluation of four test
variables (at four levels each) plus an estimate of the experimental error
(inherent variation of the test). A program revision forced a reduction of

the effort, so a 2 x 2 Graeco-latin square was devised.

The selected 2 x 2 Graeco-Latin aquare experimental design is

given below
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lhis squarce ypives the desipn for a series of four experiments for evaluat i
up to threv factors at two levels each. Each sub-square represents the plan
for one J integral determination (10 scarf-joint tests). Each of the thrre
letter positions (top left, to right and bottom center) within a sub-square

is allocated to one of the factors being studied.

In this testing there were three factors of primary concern; the
experimental error, and operator-to-operator and batch-to-batch differences.
Specimens of different crack lengtii and crosshead speed were evaluated as

part of the J determination, so those factors were not a consideration. All

Ic
other factors were held constant.

The specific Graeco-Latin square test plan is given in Table 51.

Here, the operators and batches for each test were specifically assigned.

The test matrices for the JIC determinations listed in Table 52
required 40 standard specimens., Each operator prepared the test specimens
that he was to test. The tests were conducted one set at a time, uith the

operators alternating after each set.

The testing was performed on an MX candidate propellant/liner/
insulation bond system, ANB-3600/SD-923/WS-15353. All of the testiny was

performed at 77°F,

The data analysis followed the power-law relation given in
Section 5.5.2. The rawv test data (digitized) are tabulated in Appendix B,
Tables B-11, B-12, B-21 and B-22. The derived values of the parameters are
listed in Tables 53-506, while the final results of all four data sets are

in.-

given in Table 57. The JIc values varied from 2.37 to 4.23 %k (Table 57).

in.

The initial data analysis gave the following average values of ch

which is provided to illustrate the effects.
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TABLE 51

: TESTS TO MEASURE THE 1.EVEL OF THE EXPERIMENTAL ERROR
(STANDARD SPECIMEN WITH ANB-3600/5D-923/WS-15353)

® Two-by-Two Graeco-Latin Test Grid
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f O1 and 02 are the test operators
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B1 and B2 are the material hatches 3
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TABLE 52

TEST MATRICES FOR DETERMINING
LEVEL OF EXPERIMENTAL ERROR AT 77°F
(STANDARD SPECIMEN WITH ANB-3600/SD-923/WS-15353)

@ Operator 1, Batches 1 and 2

Test Matrix
R, in./min a', in. = 0.4 0.8 1.2 1.6
0.02 XX
0.10 X XX XX X
0.50 XX
@ Operator 2, Batches ! and 2
Test Matrix
R, in./min 2a', In. = 0.4 0.8 1,2 1.6
0.02 XX
0.10 X XX XX X
0.20 XX

X Indicates test performed.
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Mean J o in.-1b

' in.z
Operator 3.525 3.055
Batch 3.985 2.595
Error 3.30 3.28

Clearly, there are large between-the-mean differences for the operators and

for the batches.

A simple F-ratio for the between-means source of variation was

computed and gave the following results. !

Source of Variation Mean Square F-Ratio
Operators 0.2209 552
Batches 1.9321 4,830
Experimental Error 0.0004

.
‘The F-ratio for operator error is significant at a confidence level of 95%,
while for batch-to-batch error the confidence level was 99%.

in.-1b

The overall experimental error was unexpectedly small, 0,02 7
' in.

(coefficient of variation of 0.61%). 'This helps to verify that it 1s a well
designed test method.

While the batch-to-batch error 1s a natural variant of the material,
the operator error is not. Since the test method gives only a small experimental
error, we must assume that the operator error has to do with specimen preparation
(each operator prepared his own test specimens as well as conducting his own
tests). We placed a great emphasis upon training both operators in the conduct
of the tests and apparently did not pay sufficient attention to specimen

preparation.
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As a final mattoer, the expouent l4m+n in the previous propellant/

liner bond tests have fallen near 2.0, which is near thie ideal linear elastic

value, Equation (62). That exponent for the ANB-3600/SD-923/WS 15353 bond
system was found to fall in the range 2.3 to 2.4, which makes the behavior

rather nonlinear. The test data were not otherwige affected by this nonlinearity.
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APPENDIX A

PREPARATION AND TESTINC PROCEDURES FOR THE
SCARF-JOINT TEST SPECIMEN




L s ot

1.0 ABSTRACT

Procedures are described for the preparation and testing of propellant/liner
bonds in the scarf-joint specimens. Test speclinens will contain piezoelectric
crack sensors for monitoring tear propagation. Calculations are made from a
combination of parameters including those of force, time, deflection, temperature
and the ultrasonic transit time, At, measurenents from the PZT crystals. A

DAR data recording and analysis system is employed to monitor thesc parameters.

2,0 BEQUIPMENT AND MATERIALS

The following equipment and materials are needed to prepare and test

the Scarf-Joint Specimens (Figure A-1).

a. Measuring vule (0.01 in. graduatiomns).

b. Double-backed tape (permacel or equivalent).

Cs X-acto knife with 2-1/2 in, blade No, 226.

d. Adhesive (Ren 6405) Ren plastics,

e. Adhesive (EA 901-Bl) Hysol-Dexter Corp.

f. Paint or acid brush approximately 1/2 in. wide.

g. Ball-point (fine) or fine felt-tipped pen.

h. Prepared aluminum end-plates measuring 1 by 1 by 4 in. (with embedded

PZT crystal transducers suitable for attachment to tester hardware).

1. ASPC developed bonding support (Figure A~2), flaw inducing
fixture (Figure A-3), and cutting blades (Figure A-4).

3. Specimen preparation saw or milling machine capable of producing

uniform 4 by 2 by | in. propellant specimens (Figure A-5).

K. Instron tensile tester with temperature environment chamber.

A-1
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Multi-channel variable gain and zero control junction for

extensometer calibration and balance.
DAR data recording and analysis system (Figure A~6).

Multi-channel time y - MV strip recorder plus 5 to minus 5 MV full-

scale range.

Plezoelectric crystal transducers - transmitters and receivers

(Figure A-1),

High frequency signal conditioning system (pulse genrator) for PZT
crystals (Figure A-6).

Oscilloscope Tektronik Mod 77048 or equivalent.
Multimeter (VOM) Kiethley Mod 178 or equivalent.
Stop-watch accurate to within 0.0l sec.

Video recording system with closed circuit T.V.

Preston Mod DK variable gain amplifiers or equivalent - 1 ea. per

channel of recording.

Copper - Constantan temperature reference junction.

Copper ~ Constantan thermocouple.

Shear component extensometer with attachment hardware (Figure A-7).

Axial displacement fixture with four extensometers and attachment
hardware (Figure A-8).

Digital clock and frequency counter.

ASPC developed programmable temperature rate controller (P.T.R.C.)
(Figure A9).
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3.0 PROCEDURES

3.1 SPECIMEN PREPARATION

Machine saw scarf-joint specimens from liner box measuring 4 by !
by 1 in. All sides must be parallel and 90 degrees from the adjacent side
(Figure A-5).

a. Brush loose particles from all specimen surfaces.

b. Place strips of double-backed tape on a flat surface. Press
the surfaces to be bonded to the exposed adhesive face to
remove the remaining loose material. Repeat until no new
material transfer is detected.

¢. Mix EA 901-Bl per manufacturer's instructions.

4. Apply a thin layer of EA 901-B]1 adhesive to the sand-blasted
and degreased (with embedded PZT crystal) aluminum end
plate.

e. Apply layer of EA 901-Bl to insulator of specimen.

f. Place end~plate and specimen on a flat nonstick (waxed paper

paper) surface in preparation for baonding.

8. With the adhesive-painted surfaces opposite one another push
the end-plate to the insulator of the specimen with suffi-
cient force to produce an epoxy bead at the interface edge.

' h. Cure the bond for 24 hours at 77°F.

1. Mix Ren-6405 adhesive per manufacturer's instructions and

allow 10 to 15 min, before application.

j- Bolt sand-blasted and degreased, aluminum end-plate (with

embedded PZT crystal transducer) to bonding support fixture
(Figure A=-2). .




k. Apply Ren-6405 adhesive to end-plate and propellant surfaces.

l. Push bonding surfaces together and bolt EA 901-Bl bonded
end-plate to bonding fixture to ensure proper contact and

alignment (Figure A-2).

m. Cure the bond for 24 hours at 77°F.

n. Remove bonded specimen from’fixture.

o. Mark the flaw locations at the propellant-liner interface on
the specimen and then caréfully drill a 0.2 in. hole at the
mid~point of the proposed flaw.

p. Reinstall specimen in the bonding support flaw inducing fixture
(Figure A-2) and align the flaw inducing guide s)ots at the
propellant liner interface (Figure A-3).

x"w Feed the flaw-inducer blade guide tadb (Figure A-4) through the
guide slot at one side of the fixture, through the pre-drilled
hole in the specimen and through the guide slot on the opposite
side of the fixture. Using a firm, continuous motion, pull the
guide tab and attached blade through the fixture and specimen.

r. Remove the specimen from the fixture.

s. Map and cut the stress relief configuration in the propellant
(Figure A-10).

t. Measure and record all specimen dimensions.

u. Attach extensometer hardware to the specimen end plates.

3.2 TEMPERATURE CONDITIONING

Prior to testing, condition specimen at the prescribed test

temperature as follows:
A-4



Conditioning Time, houra

Test Tewperature, °F Minimum Maximum
a. Minus 75 to plus 60 1 24
b. Plus 60 to plus 80 1 -
c. Plus 80 to plus 110 1 8

3.3 TESTING PROCEDURE

a.

d.

f.

Secure pre-drilled 1000 1b capacity load cell in place.
Particular care gahould be taken to ensure that tle cell is

level and aligned with the cross-head shaft (Figure A~1l).

Calibrate tensile tester according to Section 5.30 of the
"Operating Instructions for the Instron Tenaile Testing

Instruments'", Manual 10-29-1.

Calibrate the load voltage input to the DAR system using an
VOM hook-up with a variabla output rheostat control.
Calibrate 5 volts full scale regardless of load cell or

amplifier output.

Balance individual specimen tare weight before each test.

Secure specimen with jam nut to lower cross-head shaft. Remove
slack with manual cross-head adjustment control while taking
care not to preload specimen (watch VOM for zero, not the

chart pen), Lock jam nut at the upper load cell shaft and

recheck the zero manipulating the cross-head adjustment control
as necessary.

Connect PZT and extensometer cables to DAR monitoring system.

Calibrate extensometers output to 5 volt DAR system

using VOM hook=-up with variable gain controls:

Y et TR 3 T 4 st . AR 1155 S, R G




h.

i.

ke

1.

Ne

O.

l. Set zeros for each extensometer in turn.

2, Insert spacing block of known thickness, i.e., 0.075 in.
represents half-scale of 0.15 in. total displacement.

3. Adjust variable gain controls to represent the percent-
age of mechanical displacement in volts, i.e., using

half-scale displacement adjust the VOM readout to 50% of
5 volts full-scale - 2.5 volts.

Switch trigger mode at pulse: generator to "internal”. Adjust
comparator controls and amplifier settings to correct value
for the test, i.e., using the oscilloscope, set the trigger
level at the comparator controls to a level above the random

noise of the setup and adjust the amplitude of the receiver
PZT crystals to matching levels (Figure A-12).

Switch the trigger mode at the pulse generator back to the

"external” position.

Address DAR and call for operator options.
Set test duration and time interval.
Calibrate analog channels.

Recheck settings and record test temperature for each

specimen,

Set-up video recording equipment and position T.V. camera in
such a manner that the specimens and the digital counter can

both be seen on the monitor.

Record the test conditions and the video recorder counter

number on the specimen information sheet.



Start the test in the following sequence as rapidly as

possible:

l. Video Recorder Om
2, DAR Omn

3. Tensile Tester and Recorder Chart On
Observe test and record all relevant events on the sctrip chart.

1 Location of fracture initiation

2 Location of fracture propagation
3. Flaws at tip of original crack
4

Rotation or distortion of specimen prior to fracture

initiation
5. Separation at bondline along edge of specimen
6. Description of fajilure sequence

When test 18 complete, reverse order to "p" above.

Address DAR to print-out data.
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Propellant

Figure A-5.

Milled or Saw-Cut Scarf-Joint Specimen
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Figure A-7. Shear Component Extensomcter

(Used in measuring shear deformation in combined
tension/shear test configuration)

A-14




Specimen

Extensometer

Figure A-8. Axial Displacement Monitoring Fixture for -
the Scarf-Joint Specimen
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Figure A-1l. Instron Tester - Typical Test Setup
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TABULATIONS OF LABORATORY TEST DATA

The following tabulations provide raw data taken on individual
specimens in the various tests performed on this program. Only those
test matrices that were appropriate for data analysis are provided; thus,
some table numbers are skipped. Tables B~11, B-12, B-21 and B-22 are

numbered appropriate to the parameters in the Graeco-Latin square test
Plan.

The data are taken at discreet intervals and in sufficient numbers
to define the force-displacement curves. The data tabulations go several

steps beyond the crack initiation point to i{llustrate the nature of th-
curve in this region.

The following notations are used,

2a' = length of the crack, in.

£

R

crosshead rate of motion, in./min
SBF = sgecondary bond failure

U = deformation of the specimen test, 1in.

force on the specimen per lineal inch of the crack iip, 1lb/in.
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TABLE B~3-1

CYLINDRICAL PEEL TESTS OF ANB-3066/SD-851-2
PROPELLANT/LINER BOND AT 77°F

Spec. No.: 3-12 3-11 3-10 3-27 3-9 i
2a', in. 0.55 0.55 0.55 0.55 0.55 i
p. psig/min. 3.73 11.62 183 265 766 ¥
3 .03 3 3 3 %
P,psig UX10™, in, UXi0", in. UXIO07, in. UX10", in, UX10", in.

S 0.1 0.3 0.2 U.1 0.17
10 0.3 0.5 0.4 1.5 0.35 :
15 0.55 0.75 0.65 0.25 0.52 :
20 0.9 1.0 0.85 0.35 0.58 3'

25 1.25 1.2 1.0 0.65 0.87

30 1.6 1.25 0.8 0.8 1.05

35 2.0 1.8 1.55 1.0 1.22

40 2.4 2.15 1.95 1.1 1.4

45 2.65 2.45 2,2 1.35 1.57

50 3.2 2.0 2.65 1.6 2.0

55 3.6 2.8 2.95 1.85 2.2

60 4,05 4,1 3.3 2.0 2.6

65 4.6 5.2 3.75 2.2 2.9

70 5.3 6.9 4,1 2.35 3.25

75 6.7 9.0 4.7 2.75 3.65

80 6.7 9.0 5.2 3.0 4.0

85 5.7 3.3 4.5

90 6.2 3.65 5.0

95 6.9 4.0 5.5

100 7.6 4.3 6.1

o o e B A R T PR ST T T ¥ e S P T BT S SO VAL PO < 2T
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TABLE B-3-1 (Continued)

1 CYLINDRICAL PEEL TESTS OF ANB-3066/SD-851-2
: PROPELLANT/LINER BOND AT 77°F
- Spec. No.: 3-5 3-3 3-2
2a', in. 0.70 0.70 0.70
p, psig/min. 3.98 170 800
P, psig UXJ.Q?J in. UXlO%lrin. UXlO?;ﬁin.

5 0.35 0.7 0.1

10 1.0 1.0 0.1

15 1.5 1.25 0.3

20 2.15 1.6 0.6

25 2.7 2.0 1.2

30 3.3 2.3 1.5

35 4.0 2.7 1.9

40 4.8 3.25 2.3

45 5.6 3.75 2.8

S0 6.75 4.35 3.3

55 5.0 4.0

60 5.8 4,75

65 6.7 5.7

70 7.65 6.5

75 8.8 7.6

80 10.5 8.9




TABLE B-3-1 (Continued)

CYLINDRICAL PEEL TESTS OF ANB-3066/SD-851-2
PROPELLANT/LINER BOND AT 77°F

Spec. No.: 3-21 3-20 3-19 j-18
2a', in. 0.80 0.80 0.80 0.80
P, psig/min, 3.58 11.24 356 686
3 3 3 3
P, psig U¥10™, in. UX107, 4{n. UX10", in. UX10", in.
S 0.1 0.9 0.3 0.1
10 0.5 1.35 0.6 0.2
15 1.0 2.0 0.9 0.35 ]
20 1.6 2.5 1.2 0.65 i
25 2,25 3.35 1.55 1.0
30 2.9 4.05 2.0 1.3
35 3.9 5.0 2.4 1.7
40 4.9 6.0 3.0 2.0
45 6.0 7.5 3.6 2.4
50 7.0 9.3 4.1 2.9
S5 12.3 4.8 3.35
60 19.0 5.6 3.95
65 6.7 4.5
70 7.8 5.2
75 9.8 5.9
80 6.75

R-4




TABLE 8-3-2

CYLINDRICAL PEEL TESTS OF ANB-3066/SD-851-2
PROPELLANT/LINER BOND AT O°F

Spec. No.: 3-16 3-13 3-17 3-7
2a', in. 0.55 0.55 0.70 0.70
5, psig/min. 3. 44 570 3.74 218
P, psig  UX10°, in. UX10°, fn. UX10>, fn. UX10°, tn.
7.5 0.1 0.1 0.1 0.1
15.0 0.1 0.2 0.3 0.2
22.5% 0.2 0.3 0.7 0.4
30.0 0.3 0.4 1.0 0.7
37.5 0.8 0.6 1.4 0.9
45.0 1.0 0.8 1.9 1.2
52.5 1.4 1.0 2.5 1.4
60.0 1.8 1.3 3.1 1.8
67.5 2.1 1.5 3.9 2.3
75.0 2.6 1.9 4.8 2.7
82.5 3.1 2.3 5.9 3.2
90.0 1.6 2.6 7.4 3.7
97.5 4.1 3.0 4.3
105.0 4.7 3.3 5.3
112.5 5.4 3.8 6.1
120.0 6.0 4.4 7.3
127.5 6.7 5.0
135.0 7.7 5.5
142.5 8.7 6.39
150.0 10.2 7.2
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TABLE N-3-2 (Continued)

CYLINDRICAL PEEL TFSTS OF ANB-3066/SD-851-2
PROPELLANT/LINER BOND AT O°F

Spec. No.: 3-25 3-24 3-23 3-22

2a', in. 0.80 0.80 0.80 0.80

p, psig/min. 3.55 11.24 254 492
3 3 3 3

P, psig UX10”, i{n. UX10", in., UX10~, in. UX10", in.

7.5 0.2 0.1 0.7 0.1

15.0 0.35 0.2 1.0 0.25

22.5 0.6 0.3 1.3 0.4

30.0 1.3 0.6 1.6 0.7

37.5 2.0 1.0 2.1 0.9

45.0 2.8 1.5 2.8 1.1

52.5 3.9 2.3 3.7 1.5

0.0 5,2 2.9 4,9 1.8

67.5 6.7 3.5 6.2 2.2

75.0 9.0 4.3 7.85 2.6

82.5 12.7 5.9 10.2 3.0

90.0 41,2 17.2 13.25 3.5

97.5 18.2 4.0

| 105.0 28.0 4.6
; 112.5 5.1
: 120.0 5.8

(]

; 127.5 6.6
| 135.0 7.5
i 142.% 8.7
| 150.0 11.9
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34 TARLE B-4-1

g : STRIP BIAXIAL TENSILE TESTS OF ANB-3066/SD-851 2

13 PROPELLANT/LINER BOND AT 77°F

E E Spec. No.: 4-1 4=2 4= [ASYA 4-5

i i 2a', in. 0.4 0.4 0.4 0.4 0.4

E i R, in./min. 0.02 0.02 0.10 0.50 0.50

Lo

E § U,in. £,1b/4in, £,1b/1n. £.1b/1in. f,1b/in. £,1b/1n.

(b

'g ,005 16.7 22.2 26.0 26.0 29.6

: ,010 34.2 41.8 49.6 $3.2 59.2

P .015 51.7 61.2 71.0 78.0 88.0

n .020 68.1 82,0 93.2 103.2 116.8

P .025 85.0 103.0 116.8 129.2 143.2
.030 101.7 124.3 140.4 154.8 172.4

L .035 118.3 145.8 163.2 180.4 200.0

Lo .040 134.8 16A.2 185.6 205.2 226.8
.045 151.3 185.8 207.0 228.8 251.2
050 166.0 202.7 227.6 252.8 273.2
.055 180.8 215.0 2444 274.8 292.8
.060 191.5 220.4 257.2 292,8 305.6
.065 195.8 264.0 300.4 312.0
.070 265.4 312.8

R ) s I
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TABLYE B-4~1 (Cont jnued)

STRIP BIAXIAL TENSILE TESTS OF ANB-3066/Sh-851-7
PROPELLANT/LINER BOND AT 77°F

Spec. WNo,: 4-6 4-7 4-8 4-9

2a', in, 0.8 1.2 1.2 1.6

R, in./min. 0.10 0.10 0.10 0.10
U, in. f,1b/1in. f,1b/1in. f,1b/1in, f,1b/1n,
.005 21.4 18.8 20.4 14.8
.010 42.3 38.8 38.3 30.4
.015 63.8 57.7 59.2 46.0
.020 84.6 76.9 79.2 62.0
.025 104.6 96.2 99.6 78.4
.030 125.4 115.8 119.6 95.6
.035 146,2 135.8 140.4 113.,2
.040 166.9 155.4 160.0 130.0
.045 187.3 174.2 179.2 146.8
.050 206,5 191.9 197.1 162.4
.055 224.6 208.5 212.9 176.8
.060 238.1 221.9 225.0 189.2
.065 246.2 230.0 229.65 195.2
.070 233.5 233.4 198.8
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‘TABLE B-4-2

STRIP BIAXIAL TENSILE TESTS OF ANB-3066/5SD-851-2
PROPE!.LANT/LINIR BOND AT 0°F

i

Spec. No.: 4-10 4-11 4-12 4-13 4-14

2a8', in, 0.4 0.4 0.4 0.4 0.4

R, in./min. 0.02 0.02 0.10 0.50 0.50
U, in. £,1b/4in. £,1b/1n. f,1b/1in. f,1b/4in. £,1b/4n.
.005 36.0 35.0 40.7 53.0 50.0
.0l10 74.0 72.0 82.6 105.0 100.0
015 112.5 111.4 123.7 159.0 148.0
.020 148.0 149.1 166.6 214.0 199.0
.025 173.0 183.7 208.5 266.0 246.1
.030 193.2 222.5 248.8 317.0 292.3
.035 210.0 256.2 283.7 366.0 340.3
.040 220.1 288.7 313.7 410.0 379.8
.045 234.6 315.0 333.7 449.0 417.3
.050 262.5 332.0 343.3 470.0 447.1
.055 298.0 338.3 347.0 475.0 467.3
.060 315.8 471.1




TARLE B-4-~2 (Continued)

STRIP BIAXIAL TENSILE TESTS OF ANB-3066/SD-851-2
PROPELLANT/LINER BOND AT 0°T

Spec. No.: 4-15 4-16 4-17 4-18
2a', in. 0.8 1.2 1.2 1.6
R, in./min. 0.10 0.10 0.10 0.10 ﬁ
U,in. f,1b/1in. f,1b/1in. f,1b/1n. f,1b/1in. }
.005 42.3 48.8 45.2 49.5 ,
.010 85.5 97.6 92.0 95.8
.015 129.6 145.6 138.4 138.7
.020 172.3 192.0 174.4 180.0
.025 213.0 236.6 214.0 219.5
.030 241.5 277.6 251.2 257.0
.035 287.5 309.2 287.6 290.0
.040 321.9 334.8 318.8 319.1
.045 346.5 348.4 340.4 340.0
.050 361.5 356.8 352.0 345.4
.055 370.3 357.0
i
i
]
?
R-10 !
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Spec. No.:
2a', in.
R, in./min.

.005
.010
.015
.020

TABLE B-5-1

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER

BOND UNDER ATMOSPHERIC PRESSURE AT 77°F

5-9 5-32 5-33 5-1
0.2 0.4 0.4 0.4
0.10 0.02 0.10 0.10
£,1b/1in. £,1b/1n. £,1b/in. f,1b/1in.
7.6 4.7 6.5 8.8
12.7 8.0 11.2 14.7
17.7 12.1 15.7 20.0
22.5 15.4 20.5 25.7

e i i e i




TABLE. B-5-1 (Cont inued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER
BOND UNDER ATMOSPHFERIC PRESSURE AT 77°F

Spec. No.: 5-25 5-5 5-7 5-8 5-3

2a', 1in. 0.4 0.8 0.8 0.8 1.2

R, ir./min. 0.50 0.02 0.10 0.50 0.02
U,in. f£,1b/in.  £,1b/in.  £,1b/in.  £,1b/in. £,1b/in.
.005 8.5 5.4 7.4 9.6 5.5
.010 15.0 9.1 12.3 15.5 9.5
.015 21.4 12.3 16.8 21.4 13.0
.020 27.6 15.8 21.0 27.1 17.0
. 025 33.8 19.5 25.4 33.0 19.7
.030 38.8 23.0 30.4 38.4 24.5
.035 45.9 26.7 35.1 44.8 27.5
.040 52.1 30.4 39.6 50.2 32.0 !
. 045 58.0 34.1 44,5 56.3 35.7
.050 63.3 37.1 49.0 61.7 39.5
.055 69.7 40.3 53.9 67.6 43,2
.060 75.9 44.0 58.6 73.1 47.0
.065 81.1 47.7 62.6 78.7 50,2
.070 86.5 50.7 67.3 83.9 54.0
.075 92.6 54.2 71.7 89.1 57.5
.080 97.3 57.1 76.2 93.3 60.5
.085 103.0 60.3 80.1 98.8 63.2
.090 108.0 64.1 84.6 103.3 66.7
.095 112.6 67.0 87.8 107.3 68.5
.100 117.8 70.0 92.0 110.8 71.2
.105 122.3 73.2 96.0 114.6 73.2
.110 125.4 5.7 99.0 117.4 764.7
.115 129.7 78.9 102.2 120.5 76.2
.120 132.8 81.4 104.9 122.8 77.0

SBF
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i TABLE B-5-1 (Continued)
TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER
BOND UNDER ATMOSPHERIC PRESSURE AT 77°F
: Spec. No.: 5-4 5-6 9-42 S-2
2a', in. 1.2 1.2 1.6 1.6
- R, in./min. 0.10 0.50 0.02 0.10
g
F U, in. £,1b/in.  £,1b/tn.  £,1b/dn.  £,1b/in.

T LY T Y R S ST T L e S 1



TR T e ST 7

Spec. No.:
2a', in.
R, in./min.

T T e

MR By L]
—
W
o

TABLT B-5-2

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER BOND

UdDER A SUPERIMPOSLD PRESUURE OF 500 PSIG AT 77°F

5-35 5=-21
0.4 C.a
0.02 0.10
f,10/1in. £,1b/4n.
5.8 7.5
10.0 12.7
14.2 18.0
17.8 23,7
22.0 29.5
26.4 35.5
30.1 41.7
34.3 47.0
38.7 53.0
42.1 58.5
46.5 63.5
50.4 68.0
54,1 76.0
58.5 82.2
62.0 87.5
66.1 92.0
70.3 98.7
74.0 104.7
77.9 109.5
81.3 114.7
85.5 120.5
88.7 125.2
92.8 130.2
96.0 135.7
100.2 140.0
101.6 142.7
107.8 150.2
110.5 155.0

SBF SBF

5-13
0.4
0.50

£,1b/14n.

9.
14,
20.
26.

£ oW

32.
37.
43,
49

(W, s e JRV ol )

55.
61.
67.
73,

(%, e N e ]

78.
85.
90.
96.

oOwoo

101.
107.
112.
118.

[VERRW. B e - IR

124.
129.
134,

140,

oSN

144.8
15G.7
155.6
159.8

SBF
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TABLE B-5-2 (Continued)

TESTS OF ANB-3066/5D-851-2 PROPELLANT/ LINER BOND
UNDER A SUPERIMPOSED PRISSURE OF 500 PSIG AT 77°F

S

Spec. No.: 5-34 5-23 5-18 5-36 5-19
2a', fiu. 1.2 1.2 1.2 1.6 1.6
R, in./min. 0.02 0.10 0.50 0.10 0.50
U, in. £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.
.005 5.3 6.3 8.4 5.1 8.4
010 9.0 10.7 13.8 8.9 13.6
.015 12.2 16.9 18.8 12.1 17.3
.020 15.6 19.1 24.2 15.3 22.7
.025 18.8 22.6 29.2 18.8 26.9
.030 22.0 26.9 34.6 22.0 31.6
.035 25.2 30.6 39.6 25.2 35.6
.040 28.9 3.3 45.0 28.4 40.0
045 32.1 38.9 50.0 32.1 42.3
.050 35.5 42.4 54.4 35.1 49.2
.055 39.2 46.8 59.9 38.8 53.7
.060 42.6 51.4 65.8 42.0 58.1
.065 46.0 55.1 69.3 45.0 62.1
.970 49.2 59.0 74.7 48.5 66.8
075 52.9 63.7 79.2 51.9 70.2
080 56.3 67.1 84.1 54.7 74.2
.085 59.5 71.3 89.1 57.6 8.7
.090 62.9 75.4 93.5 61.3 82.6
.095 66.1 8.4 28.0 64.1 86.8
.100 69.6 82.3 101.4 66.8 90.3
.105 73.0 85.7 106.4 69.5 94.0
.110 75.4 88.7 110.3 72.0 97.2
115 78.4 92.4 114.8 7.5 101.2
.120 80.8 95.5 118.8 76.9 106.4
.125 98.0 110.3
.130 100.9 111.1
.135 103.4 114.1

.140 105.3 116.8

B-15




TABLI B-%5-3

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER BOND
UNDER A SUPERIMPUSED PRESSURE OF 1000 PSIG AT 77°F

Spec. No.: 5-15 5-14 5~17 5-109 5-22

2a', in. 0.4 0.4 0.4 1.2 1.2

R, in./min. 0.02 0.10 0.50 0.C2 0.02

U, in. £,1b/1u.  £,1b/4n. £,1b/4n.  £/1b/in.  £/1b/in.

.005 6.1 6.6 10.0 6.1 5.7
.010 10.3 12,1 16.1 9.4 10.0
.015 14.8 17.3 22.0 13.5 14.0
.020 21.0 22.8 27.6 17.0 18.0
.025 23.8 28.0 33.3 21.0 22.0
.030 28.7 33.3 39.2 24.8 25.7
.035 33,2 39.0 44 .4 28.0 30.2
.040 37.9 44,5 49,7 32.3 34,2
.045 42.6 49.7 55.2 36 2 38.2
.050 47.0 55.2 59.8 40.3 42.5
.055 51.7 60.9 65.4 44 .3 46.7
.060 56.4 66.4 70.7 47.9 50.7
.065 61.1 70.9 75.2 51.0 S54.2
070 65.3 76.1 30.7 55.1 58.2
.075 69.8 82.1 85.7 58.4 62.0
.080 74.2 86.4 30.0 61.4 65.2
. 085 78.5 91.9 95.2 65.0 . 69.0
.090 83.1 97.3 100.4 58.1 72.2
.095 86.6 101.6 104.2 71.1 75.0
.100 91.2 106.6 109.0 74.2 7.7
.105 95.2 111.4 114.5 76.5 80.0
.110 98.7 115.9 118.8 76.8 82.2
.115 102.7 120.7 123.8 80.8 83.7
.120 106.4 125.4 128.5 a2.1 R5.0
.125 110.3 129.5 133.0
.130 114.2 134.2 138.0
.135 117.8 138.5 142.8
.140 120.7 142.6 146.9

SBF SB¥ SBF




TABLE B-5-3 (Continued)

TESTS OF ANB-3066 /SD-851-2 PROPEI..ANT/LINER BOND
UNDER A SUPERIMPOSED PRESSURE OF L000 PSTG AT 77°F

Spec. No.: 5-37 5-16 5-111 5-114 5-107 5-112 é)'
2a', in. 1.2 1.2 1.2 1.2 1.6 1.6 i
R, in./min. 0.10 0.50 0.50 0.50 0.10 0.10 ;
U, n. £,1b/n.  £,1b/in.  f,1b/4n.  £,1b/in.  £,1b/dn.  £,1b/tn. | §

.005 5.4 9.2 6.1 7.7 6.0 6.9 '

.010 9.6 15.7 10.5 13.4 10.5 11.5 *

.015 13.1 21.0 14.6 18.0 4.7 15.4

020 17.0 26.7 18.4 22.6 18.4 19.0

.025 20.5 31.7 22.5 27.5 22,3 22.6

.030 24.2 37.2 26.2 2.7 25.7 25.7

.035 27.8 42.5 30.1 37.1 29.4 29.3

.040 31.4 47.7 34.1 41.8 33.6 32.4

.045 35.3 53.5 38.2 46.3 37.3 36.0

.050 38.8 59.0 42.3 50.9 40.7 39.6

.055 42.8 64.7 46.6 55.9 44.7 43.2

.060 46.5 70.3 50.7 60.3 48.1 46.9

.065 49.7 75.0 53.8 65.2 51.3 50.0

070 53.7 80.5 58.4 70.1 55.2 53.0

075 57.6 86.0 61.7 75.0 $6.5 57.2

.080 61.1 91.2 65.5 79.6 61.5 60.5

,085 64.8 96.0 69.¢ 84.2 65.0 66.4

.090 68.3 101.2 73.2 89.4 68.6 67.0

095 71.5 106. 6 76.5 93.8 71.3 70.6

.100 75.2 110.2 80.3 98.4 4.4 3.4

.105 78.7 115.0 83.6 103.0 77.6 76.8

110 81.6 119.0 86.2 107.2 80.0 79.3

.115 84.9 123.7 89.0 111.3 82.6 84.2

.120 88.1 127.7 81.8 115.9 85.2 84.5

125 90.9 132.0 93.6 119.5

130 94.3 135.7 85.1 122.9

135 97.0 139.7 95.9 127.0

140 99.7 142.5 130.1

145 102.4 146.2

.150 104.7 149.2

B-17
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Spec. No.:
2a', 1in.

R,

in./min.

U,in.
. 005
.010
.015
.020

.025
.030
.035
.040

TESTS OF ANB-3066/SD-851-2 PROPELLANT/ LINER

TABLE N- -4 (Continued)

BOND UNDER ATMOSPHERIC PRESSURE AT O°F

5-10 5-52 5-12 5-50
0.2 0.4 0.4 0.4
0.10 0.02 .10 0.50
£,1b/1in. f,1b/1n. f,1b/1in. f,1b/in.
22.9 18.5 21.8 25.2
40.5 30.5 36.8 45.0
57.3 41.0 50.4 61.8
71.1 51.5 64.0 78.2
86.0 61.5 70.2 94.0
99,7 71.2 88.8 108.9
113.5 80.0 101.9 124.7
126.8 88.5 114.5 137.1
139.6 97.0 126.2 150.4
151.3 105.0 137.3 163.8
163.9 113.0 149.5 177.4
175.9 121.2 160.6 189.3
185.7 128.5 169.9 198.0
195.6 135.7 179.6 211.3
204.5 143.5 188.3 222.7
209.6 150.0 194.6 232.1
213.3 156.5 201.9 242.0
215.5 163.2 207.7 251.2
211.6 168.5 211.6 257.4
215.5 174.5 215.5 265.8
SBF 179.0 SBF 271.7
273.7
SBF
SBF
B-1H

S

0
0.

13,
22.
31.
40.

47.
55.
63.
70.

78.
85.
93.
161.

107,
115.
121.
128.

134,
140.
144,
149.

152,
.5

154

0
8
2

f,1b/4n.

0
5
2
0

5
5
0
5

0
5
S
0

Y
0
5
0

5
0
0
0

0

5-11 5-29
0.8 0.8
0.10 0.50
£,1b/14n. £,1b/1in.
20.2 26.7
33.3 43.0
45.4 59.0
55.5 76.2
66.6 87.5
76.5 102.2
BS.8 115.5
96.4 127.5
106.0 140.0
115.6 151.0
126.2 161.2
135.1 171.0
141.6 178.0
149.7 185.5
155.3 191.7
160.3 195.5
165.6
169.1
172.2
175.0
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TABLE B-5~4 (Continued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER
BOND UNDER ATMOSPHERIC PRESSURE AT O°F

Spec. No.: 5-31 5-26 5-28 5-49 5-27 5-56
2a', in. 1.2 1.2 1.2 1.6 1.6 1.6
R, in./min. 0.02 0.10 0.50 0.02 0.10 0.50
U,in. £,1b/tn.  f£,1b/in. f£,1b/4n.  £,1b/tn.  £,1b/ia.  £,1b/in.
.005 15.0 18.0 24,0 11.7 15.8 21.7
.010 26.2 29.5 39.2 19.2 26.2 37.1
.015 32.5 39.6 53.9 26.2 36.1 50.4
.020 40.2 49.5 65.7 31.7 44,5 63.8
.025 48.0 58.7 78.5 36.5 51.9 74.7
.030 55.2 68.1 91.2 42.5 60.6 85.6
.035 62.0 77.2 104.0 48.2 68.8 97.0
.040 69.2 85.5 115.0 53.5 76.4 106.4
.045 76.5 94.2 127.5 58.0 84.4 116.3
.050 83.2 102.2 138.2 63.2 91.5 125.7
.055 89.6 110.7 149.5 68.2 98.7 132.6
.060 96.0 118.7 160.7 73.0 104.7 139.1
.065 101.7 126.7 169.0 76.2 109.9 143.5
.070 107.5 131.5 186.2 80.0 114.3 148.5
.075 113.0 137.5 184.0 83.0 118.8
.080 117.5% 141.7 188.2 85.0 121.2
.085 122.0 146.0 86.5
.090 125.7 150.0 99,7
.095 128.0

.100 130.2

h=-19
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TABLE B-5-5

“.W;"Wlﬂ’ﬂ Ly

TESTS OF ANB-3066 /SD-651-2 PROPELLANT/ULINFR
BOND UNDER A SUPERIMPOSED PRESSURE OF
500 PSIC AT O°F

SRR Tl

¥

Spec. No.: 5-43 5-41 5-40
2a', fn. 0.4 0.4 0.4
: k, in./min. 0.02 0.10 0.50
? U, 1n. £,1b/in.  £,1b/in. f£,1b/4n.
. 005 20.7 25.7 29.0
: .010 33.5 45.2 48.0
: L015 44.0 62.0 68.0
.020 55.0 77.7 84.0
.025 65.0 94.4 100.0
.030 76.0 110.1 116.0
.035 86.5 125.2 131.0
L0460 95.7 138.8 147.0
045 105.5 151.5 162.0
.050 115.0 168.1 165.0
.055 125.0 182.3 190.0
.060 135.5 196.4 203.0
065 144.5 208.0 216.0
.070 154.5 221.9 230.4
.075 164.0 235.8 224.0
.080 172.5 27 .4 255.0
.085 182.5 261.1 267.0
.090 193.5 273.2 281.0
.095 201.0 283.8 292.6
.100 211.0 297.4 305.0
.105 220.5 310.1 318.0
110 229.0 320.2 327.0
.115 239.0 333.3 339.0
.120 249.5 33.9 352.0
.125 257.5 355.0 162.0
110 267.5 367.6 374.0
135 276.5 178.7 387.0
: -140 285.5 188.8 397.4
o SBF SBF SBF
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TABLE B~5-5 (Cont inued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT/LINER
BOND UNDER A SUPERIMPOSED PRESSURE OF
500 PSIG AT O°F

Spec. No.: 5.44 5.39 5.38 5.47 5.46
2a', in. 1.2 1.2 1.2 1.6 1.6
R, in./min. 0.02 0.10 0.50 0.02 0.10
U, in. £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.
.005 18.5 17.8 28.6 16.2 18.4
.10 31.5 30.6 47.9 26.5 28.6
.015 44.2 42.5 64.5 36.0 40.2
; .020 55.2 53.9 80.2 45.5 50.9
i
t .025 65.7 63.8 95.3 54.0 62.1
F .030 76.0 74,2 110.4 62.5 72.3
b .035 86.5 85.1 123.4 70.7 82.0
g . 040 96.0 94.0 139.5 78.5 91.7
! .045 105.0 103.9 153.6 86.5 101.4
; .050 113.5 113.8 167.1 94.5 110.6
' .055 123.7 123.7 181.2 102.5 120.3
: .060 133.5 133.6 194.7 110.5 130.0
§ . 065 161.5 141.0 205.7 117.0 137.3 1
' .070 151.0 151.4 218.7 125.5 146.6 1
' .075 166.0 160.3 231.2 132.5 156.3 3
.080 169.7 168.8 241.6 139.5 164.0 ‘
]
[ .085 178.7 178.2 254.1 146.5 173.3 1
.090 188.5 188.1 265.6 154.0 181.0
.095 195.5 195.0 272.9 160.0 187.8 :
.100 204,0 205.9 283.8 166.5 195.6 :
i
.105 212.0 213.3 292.7 173.0 203.3 :
.110 219.5 220.7 301.0 179.0 209.2
.115 226.5 229.7 310.9 185.5 216.0 %
.120 234.0 236.6 319.2 190.5 221.8
.125 240.0 244.0 195.5
.130 248.0 252.9 200.0
- 135 2542 259.9 203.7 i
- .140 260.0 266.3 207.0 !
.145 265.0 f
.150 269.0 :
1
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TABLE B<5-6

TESTS OF ANB-30'66/$D-851-2 PROPELLANT /LINFR
BOND UNDFER A SUPERIMPOSED PRESSURE OF
1000 PSI1C AT O°F

Spec. No.: 5-51 5-57 5-58 5-116 5-117
2a', in. 0.4 0.4 0.4 i.6 1.6
R, in./min. 0.02 9.10 0.50 0.10 0.10
U, in. £,1b/4in. £,1b/1n. f,1b/{n. £,1b/1in. £,1b/4n.
.005 24,7 33,3 32.6 20.6 15.3
.010 45.0 56.8 57.4 32.9 28,5
.015 61.3 76.4 78.2 44,3 38.7
.020 77.2 95.0 99.5 54.6 47.9
.025 94.0 113.7 116.8 64 .9 57.6
.030 107.4 129.4 132.6 75.2 65.3
.035 122.0 149.0 155.4 84,5 73.9
.040 135.6 166.7 172.2 94.8 84.1
.045 150.0 182.3 193.0 104.1 92.8
.050 162.8 198.0 208.4 113.4 101.0
.055 177.2 215.7 226.7 123.7 109.6
.060 191.5 231.4 245.5 132.9 119.3
.065 202.9 245.0 259.5 141.2 126.5
.070 216.3 262.7 277.2 149.4 135.7
.075 229.2 275.5 293.0 157.7 143.8
.0BO 240.5 290.2 302.9 165.9 152.0
.085s 253.4 303.9 SBF 175.2 160.2
.090 266.8 317.6 181.4 167.3
.095 277.2 332.4 188.6 175.0
.100 289.6 345.1 195.8 183.6
.105 301.9 358.8 204,14 191.3
.110 312.8 366.7 210.3 196.9
.115 325.2 378.4 216.4 204.0
.120 336.6 388.2 221.6 211.2
SBF SBF




TABLF B-5-6 (Continued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT /LINER
BOND UNDER A SUPERIMPOSED PRESSURE OF
1000 PSIG AT O°F

3 Spec. No.: 5-45 5-113 5-48 5-53 5-119
E 2a', in. 1.2 1.2 1.2 1.2 1.2
’ R, in./min. 0.02 0.02 0.10 0.50 0.50
: U,in. £,1b/4n. f,1b/in.  £,1b/in. £,1b/4n. £,1b/1n.
1 .005 18.3 15.8 21.2 29.7 29.8
i .010 30.1 26.8 37.1 49.5 46.3
F .015 41.5 36.8 50.9 66.3 63.9
; .020 51.9 44,2 63.8 83.1 79.3
: .025 60.8 52.6 75.2 98.0 95.3
: .030 71.2 61.1 87.6 115.8 111.3
. .035 80.6 68.9 100.0 128.7 125.7
: .040 90.5 77.4 110.3 143.5 141.2
.045 99.5 85.8 122.7 157.4 154.6
.050 108.9 93.2 133.6 171.2 167.0
.055 118.3 101.6 144.0 183.1 184.0
.060 127.7 110.0 155.4 196.0 195.8
.065 137.1 115.8 164.8 201.9 207.2
.070 146.5 124.7 175.7 217.3 224.7
.075 154.9 131.6 187.1 232.6 235.5
.080 163.8 140.5 196.4 264.5 267.4
.085 173.2 147.4 207.9 257.9 260.8
.090 182.6 155.3 217.8 268.3 271.1
.095 189.6 161.6 227.2 280.1 281.4
,100 199.0 168.4 236.6 292.0 293.8
.105 207.9 176.3 247.0 304.9 306.1
.110 216.3 182.1 255.9 316.8 315.4
.115 224.2 189.5 265.8 328.7 325.7
‘ .120 232.6 195.3 269.3 338.6 337.1
: .125 240.0 200.0 282.6 348.5 345.3
: .130 249.0 205.8 292.0 359.4 352.5
: .135 256.9 211.6 300.4 369.3 361.8
'2 .140 263.8 215.8 308.4 378.2 369.0
¢ .145 270.7 188.1
i .150 277.2 396.0
: .. 283.1
r )} 287.6
i
f
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TABLT. B-6-1

TESTS OF ANB-3066/SD-851-2 PROPELLANT/
LINER BOND IN COMBRINED TENSION AND
SHEAR AT A SCARF ANGLE OF 45° AT 77°F

Spec. No.: 6-88 6-74 6-66 6-75
2a', in. 0.44 0.40 0.40 0.40
R, in./min 0.02 0.10 0.20 0.50
U =, in. f =f ,1b/in. £ =f ,1b/1n. f =f ,1b/1in. f =f ,1b/1n.
N S n o000 R S n_ 1 . no
.007 2.6 3.3 3.0 1.9
.014 4.6 5.2 5.7 3.1
.021 6.5 7.3 8.1 5.9
.028 8.4 9.8 10.5 B.4
.035 10.6 12.3 12.6 10.8
042 12.7 14.6 15.0 12.9
.049 14.6 17.1 17.3 15.0
.057 17.3 19.1 19.4 16.9
064 19.4 21.5 21.4 19.0
.071 21,7 23.6 23.5 21.0
.078 24.0 25.9 25.4 22.7
.085 26.3 27.9 26.8 24,7
.092 28.6 29.9 28.3 26.5 3
.099 30.7 32.1 29.9 28.1 ]
.106 32.8 3.1 3.7 29.7 ‘
113 35,2 36.0 33.4 1.1 ;
.120 37.2 38.0 35.1 33.6 i
127 39.4 39.9 37.2 35,5 ;
134 41.4 61.7 39.3 38.3 {
.141 43.6 43.4 41.2 40.7 ;
SBF SBF SBF
9
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TABLE B-6-1 (continued)

TESTS OF ANB-3066/SD-BS51-2 PROPFLLANT-
LINER BOND IN COMBINED TENSION AND
SHFAR AT A SCARF ANGLE OF 45° AT 77°F

N dras o sl it A

Spec. No.: 6-71 6-70 6-67 6-73 :
2a', in. 1.20 1.20 1.20 1.20
R, in./min 0.02 0.10 0.20 0.50
U aU_,in. £ =f ,1b/1n. £ =f_,1b/1n. f =f ,1b/1n. f =t ,1b/in.
n T n T n T n T n 1
.007 1.7 2.4 3.0 2.2
. 014 3.4 4.5 5.4 3.4
.021 5.1 6.5 7.6 4.9
.028 6.7 8.5 9.8 7.1
.035 8.5 10.6 12.0 9.2
.042 10.2 12.5 16.3 10.8
.049 12.0 14.6 16.4 13.9
.057 13.8 16.5 18.3 16.6
.064 15.6 18.4 20.6 19.1
.071 17.3 20.3 22.5 21.0
.078 18.9 22.3 4.4 23.2
.085 20.5 24.2 26.3 25.3
.092 22.3 26.1 28.1 27.4
.099 23.8 28.0 29.9 29.4
.106 25.4 29.9 31.8 31.4
(113 27.0 31.8 33.4 33.3
.120 28.4 33.7 35.1 3.9
(127 29.7 35.4 36.7 37.1
.134 31.2 37.2 38.2 39.2
141 32.4 38.8 39.5 41.0




TABL.I. B=-6-1 (continued)

TESTS OF ANB-3066/SD-85102 PROPEL.LANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARF ANGLE OF 45° AT 77°F

Spec. No.: 6-90 6-78 6-72
2a', in. 1.60 1.60 1.60
R, in./min 0.02 0.20 0.50
U =U_,1in. £ =f ,1b/in. £ =f ,1b/1in. £ «f ,1b/in.
n_T n_1 n_ 1t n_v _
.007 2.1 2.6 2.8
014 3.8 4.7 4.9
.021 5.6 6.5 7.0
.028 7.1 8.4 9.0
.035 8.9 10.2 11.0
042 10.8 12.1 12.8
.049 12.6 13.9 14.7
.057 164.3 15.8 16.4
,064 16.2 17.6 18.2
071 18.0 19.5 20.1
.078 19.8 21.3 21.8
.085 21.6 23.0 23.6
.92 23.2 26.5 25.3
.099 24.9 26.0 26.9
.106 26.6 27.6 28.5 ;
113 28.1 29.1 30.2 !
.120 30.6 l
127 32.1 i
134 33.6
141 35.1
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TABLE B-6-2

TESTS OF ANB-3066/SD-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND

SHEAR AT A SCARF ANGLE OF 45° AT O°F
Spec. No.: 6-79 6-76 6-77 6-89 [
2a', in. 0.40 1.20 1.20 1.20
R, in./min 0.50 0.02 0.10 0.50
U =U_,in. £ =f_,1b/1in. ¢ =f_,1b/1n. £ =f ,1b/in. £ =f .1b/1n. :
.007 11.7 3.6 6.4 5.7
014 19.9 6.1 11.3 10.5
.021 27.3 8.4 15.9 14.9
.028 33.7 10.4 20.2 19.2
.035 40.2 12.3 23.4 23.3
.042 46.1 16.2 26.3 27.3 ;
.049 51.6 16.1 28.5 32.6 :
.057 56.4 17.6 32.6 38.3 ;
.064 62.0 19.5 36.5 43.5 :
.071 66.8 21.4 39.9 48.5 :
.078 71.4 23.1 43.1 $3.5 ;
.085 69.3 25.0 46.7 58,2 g
.092 78.6 26.4 49.9 63.0 ‘
.099 83.5 28.3 $3.3 68.0
.106 88.7 29.8 56.7 72.6
113 93.9 31.3 59.8 77.2
.120 61.2 81.9
.127 66.2 - 86.4
134 69.6 90.8
141 73.0 95.0

B-27
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TABLF B-6-2 (continued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARF ANGLFE OF 45° AT O°F

Spec.No.: 6-80 ~-83 6-69
2a', in. 1.6 1.6 1.6
R, in./min 0.02 0.02 0.10
U =U_, in. f =f_,1b/in. f =f ,1b/fn. f =f ,1b/1n.
n_t LI S LIS S LI
.007 3.3 4.9 7.8
.014 6.3 8.9 13.2
.021 8.8 12.7 17.8
.028 11,4 16.2 21.7
.035 13.5 19.6 24.9
.042 15.9 22.9 28.0
. 049 18.3 25.9 31.2
.057 21.0 29.1 32.9
.064 23.3 31.9 33.3
.0 25.6 34.1 35.6
.078 28.5 36.2 39.7
.085 31.1 38.5 43.3
.092 33.6 40.6 46.9
.09% 36.2 42.5 49.9
.106 38.6 44.9 53.0
113 41.1 47.4 5.5
.120 43.5 58.8
.127 46.0 61.5
134 48.3 64.0
.141 50.5 66.9
.148 68.6
.156 70.7
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TABLE U-6-3

TESTS OF ANB-3066/SN-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR A7 A SCARF ANGLE OF 30° AT 77°F

Spec. No.: 6-61 6-59 6-85
2a', in. 0.4 0.4 0.4
R, in./min 0.02 0.10 0.10
U .in. U ,in. £ 1b/in. £ ,1b/in. £ ,1b/1n. f},lb/in. fﬂifffi' fT,lb/{S.
.009 .005 6.3 3.6 5.5 3.2 5.5 3.2
.017 .010 10.9 6.3 10.0 5.8 3.5 5.5
.026 .015 14.5 8.3 13.6 7.8 13.7 7.9
.035 .020 18.4 10.6 18.7 10.8 17.8 10.3
.043 ,025 22.4 12.9 23.1 13.3 22.3 12.8
.052 .030 26.9 15.5 27.8 16.0 26.5 15.3
.061 .035 30.6 17.7 32.1 18.5 31.0 17.9
. 069 ,040 3.5 20.0 36.6 21.1 35.4 20.4
.978 .045 38.6 22.3 41.3 213.8 39.7 22.9
.087 .050 42.2 24.3 45.6 26.3 44.1 25.5
.095 .055 45.8 26.4 50.8 29.3 48 .4 27.9
.104 .060 49.8 28.7 55.1 31.8 52.2 30.1
.113 .065 54.0 31.1 59.3 34.2 56.4 32.6 i
121 .070 57.5 33.2 63.8 36.8 59.3 34.2
.130 .075 61.5 35.5 68.1 39.3 63.1 36.4 i
.139 .080 64.3 37.1 72.3 41.7 66.7 38.5 ]
i
147 .085 67.2 38.8 76.3 44.0 70.5 40.7 3
.156 .090 79.8 46.1 73.6 £2.5 i
.165 .095 SBF SBF 83.8 48.3 77.0 444 ;
173 .100 87.0 50.2 79.9 46.1 3
SBF SBF SBF SBF
i
|
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TABLE B-6-3 (continued)

TESTS OF ANB-3066/5D-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARI' ANGCLE OF 30° AT 77°F

Spec. No.: 6~62 6-91 6-6F

2a', in. 0.4 0.4 1.2

R, in./win 0.50 0.50 0.02

U ,in. U_,in. f ,1b/in. f_,1b/in. f ,1b/in. f_,1b/in. f ,1b/in. f_,1b/1n.
n 1 n 1 ‘o' 1 n 3
.009 .005 8.0 4.6 6.5 3.7 4.5 2.6
.017 .010 12.9 7.5 11.5 6.6 8.4 4.8
.026 .015 18.4 10.6 16.1 9.3 11.9 6.8
.035 .020 23.4 13.5 20.% 11.8 15.3 8.8
.043 .025 28.7 16.6 24.7 14,2 19.2 11.1
.052 .030 34.0 19.6 28.9 16.7 22.7 13.1
.061 .035 38.5 22.2 33,2 19,1 26.4 15,2
.069 .040 43.3 25.0 37.8 21.8 10.0 17.3
.078 045 48.1 27.8 42.¢ 24.6 33.3 19.2
.087 .05 $52.6 30.3 47.4 27.3 36.8 21.2
.095 .05¢ 56.9 32.8 52.0 30.0 39.8 23
.104 .060 61.1 35.3 57.0 32.9 42.7 24.6
.113 .065 65.3 7.7 62.1 35.8 45.4 26.2
.121 .070 68.6 39.6 66.9 38.6 47.9 27.6
.130 .075 70.5 40.7 71.5 41.2 50.0 28.8
L1139 .080 72.0 41.6 76.1 43.9 51.0 29.5
L)47 .085 74 .1 42.8 80.4 46.4

.156 .090 76.3 44 .0 85.2 49.2

.165 .095 17.4 44 .6 89.6 51.7

.173 .100 79.2 45.7 94.0 54,2
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TABLE B-6-3 (continued)

) TFSTS OF ANB-3066/SD-851-2 PROPELLANT-
: LINER BOND IN COMBINED TENSION AND
! SHEAR AT A SCARF ANGLZ OF 30° AT 77°F

Spec. No.: 6-64 6-55 6-54

2a', in. 1.6 1.6 1.6

R, in./min 0.02 0.10 0.50

Un,in. Ut'in' fn,]b/in. fr,lb/in. fn,lb/in. ft,lb/in. fn.lblin. fT,]blin.
.009 .005 4.2 2.4 5.6 3.2 6.8 3.9
.017 .010 7.5 4.3 9.7 5.6 11.5 6.6
.026 .015 10.5 6.0 13.6 7.8 16.2 9.4
.035 .020 13,7 7.9 17.3 10.0 20.7 12.0
.043 .025 17.1 9.9 21.0 12.1 25.1 14.5
.052 .030 20,1 11.6 24.6 14,2 30.4 17.5
.061 .035 23.5 13.6 28.3 16.3 34.5 19.9
.069 .040 27 15.5 31.9 18.4 38.0 21.9
.078 .045 30 17.3 35.7 20.6 41.5 24.0
.087 .050 32.9 18.9 38.9 22.5 45.6 26.2
.095 .055 35.9 20.7 42.6 24,6 49.3 28.4
.104 .060 38.7 22.4 45.8 26.5 53.1 30.6
.113 .065 41.1 23.7 49.3 28.5 57.2 33.0
121 .070 43,4 25 52.6 30.3 60.6 35.0
.130 .075 44,8 25.8 55.6 32.1 63.8 36.8
.139 .080 45.8 26.4 58.8 34.0 66.8 33.6




TABLE B-6-3 (continued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARF ANGLE OF 30° AT 77°F

Spec. No,: 6~-63 6-60 6-65

2a', 1in. 1.2 1.2 1.2

R, in./min 0.10 0.50 0.50

U ,in. U_,1in. f ,1b/in. € ,1b/in. f ,1b/in. £ _,1b/in. f ,1b/in. f_,1b/in.
n T n’ 1 S n’ T n X

. 009 .005 5.6 3.2 7.6 4,0 6.9 4,0
.017 .010 9.9 5.7 11.6 6.7 12.1 7.0
.026 .015 14.2 8.2 1€.4 Q.5 17.1 9.8
.035 .020 17.8 10.2 21.2 12.2 21.7 12.5
.043 .025 21.8 12.6 25.9 15.0 26.8 15.4
.052 .030 26.1 15.0 31.0 17.9 31.9 18.4
.061 .035 30.1 17.4 35.5 20.5 36.3 20.9
.069 .C40 34.3 19.8 40.4 23.3 40.4 23.3
.078 .045 38.4 22.1 45,4 26.2 44,7 25.8
.087 .050 42.2 24.3 50.0 28.8 49,1 28.3
.095 .055 46.4 26.8 S4.7 31.6 53.6 30.9
.104 .060 50.4 29.1 59.3 34,2 57.5% 33.2
.113 .065 54.3 31.3 63.8 36.8 62 35.8
.121 .070 57.8 33.3 67.7 39.1 65.7 37.9
.130 .075 62.1 35.9 71.6 41.3 £9.9 40.4
.139 .080C 65.1 37.6 75.3 43,5 73,7 42.5
147 .085 67.9 39.2 77.2 44,5
.156 .090 70.7 40.8 80.4 46.4
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TABLE B-6+4

TESTS OF ANB-3066/SD-851-2 PROPELLANT~
LINER BOND IN COMBINED TENSTION AND
SHEAR AT A SCARF ANGLE OF 30° AT O°F

LI PRV T v )
o

Spec. No.: 6-86 6-115 6-82
2a', 1in. 0.4 0.4 0.4
R, in./min 0.02 0.10 0.50
U .in. Ut,in. fn,lb/iu. fr,lb/in. fn.lb/ln. ft,lb/in. fn,lblin. fT,lblin. :
.009  .005 10.1 5.8 13.9 8.0 13,5 7.8
.017 .010 17.9 10.3 24.7 14.2 23.7 13.7 !
.026 .015 25.7 14.8 34,9 20.1 35.8 20.6
.035 .020 33.3 19.2 44.6 25.7 45.4 26.2 .
.043 .025 41.1 23.7 53,0 30.6 55.6 2.1
,052 .030 48.2 27.8 60.7 35.0 65.9 38.1
.061 .035 55.8 32.2 67.1 38.7 75.7 43,7
.069 .040 63.4 36.6 75.5 43.6 84.7 48.9
.078 .045 69.2 40.0 84.3 48.7 94 54.3
.087 ,050 77.7 448 92.5 53.4 103.2 59.6
.095 .055 84.2 48.6 100.0 58.2 112.2 64,7
.104 .060 90.4 52.2 108.9 62.8 120.5 £9.5
.113 .065 97.2 56.1 116.4 67.2 128.2 74.0
121 .070 103.9 60.9 124.1 71.6 136.1 78.6
.130 .075 110.2 63.6 131.2 75.7 143.2 82.6
.139 .080 116.2 67.1 137.8 79.5 149 86.0
L1467 .085 122.1 70.5 144.2 83.2 153 88.3
.156 .090 127.7 73.7 149.5 86.3 154.6 §9.3
.165.  .095 132.7 76.6 153.7 8.7
.173 .100 136.9 79.0 156.8 90.5 SBF SBF
.182 .105 140.5 81.1 5BF SBF
.191 .110 143.3 82.7 .
.199 115 144 .1 83.2 !
SBF SDBF

L a
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TABLE B-6«4 (continued)

TESTS OF ANB-3066/SD-851-~2 PROPFLLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARF ANCLE OF 30° AT O°F

< RETV R | PRI

- Spec. No.: 6-92 6-93 6-87
- 2a', in. 1.2 1.2 1.2
£ R, in./min 0.02 0.10 0.50
b
g Un,in. UT,in. ijlb/in. fr,lb/in. fn,lblin. fr,lblin. f“,lblin. fT,lb/in.
i
§  .009 .005 6.8 3.9 14.5 8.3 12.0 6.9
. 017 .010 12.0 6.9 24.4 14.1 24.0 13.8
; .026 .015 16.0 9.2 33.3 19,2 34.7 20.0
.035 .020 20.5 11.8 41.4 23.9 42,6 24,6
043 .025 27.4 15.8 48,2 27.8 51.8 29.9
.052 .030 34.0 19.6 53.5 30.9 61.0 35.2
,06° .035 40.5 23.3 59.5 34.3 69.9 40.4
,06Y 040 46.6 26.9 65 37.5 78.1 45.1
.078 ,045 52.0 30,0 70.1 40.5 85.9 49.6
.087 .050 57.4 33.1 74.4 43,0 93.8 54.1
.095 .055 62.8 36.2 8.7 45.4 101.4 58.5
104 .060 67.3 38.8 82.2 47.5 109.3 63.1
113 .065 72.0 41.5 84.9 49.0 116.4 67.2
.121 .070 87.6 50.6 123.7 71.4
.13¢0 .075 90.2 Sc.l 130.7 75.5
.139 .080 92.4 53.3 137.5 79.4
147 .085 143.9 83.0
b
{
; 3
3 |
v i




TABLE B-6-4 (continued)

TESTS OF ANB-3066/SD-851-2 PROPELLANT-
LINER BOND IN COMBINED TENSION AND
SHEAR AT A SCARF ANGLE OF 30° AT O°F

gp?c.iuo.: $-110 6-84 6-81
R‘ ] 7'1n 1.6 1.6 1.6
» in./m 0.02 0.10 0.50
U in. U, in. £ ,1b/in. £ ,1b/in. £ ,1b/in. £ ,1b/in. £ ,1b/in. £ ,1b/in.
.009 .005 8.2 4.7 10.5 6.0 14.9 8.6
.017 .010 16.8 8.5 18.9 10.9 24.8 14.3
4 .026 ,015 20.7 11.9 26.4 15.2 33.7 19.5
4 .035 .020 26.3 15.2 3 19.6 41.1 23.7
g .043 .025 31.9 18.4 40.7 23.5 48.2 27.8
: .052 .030 37.3 21.5 47.5 27.4 54.9 31.7
£ .061 .035 42.8 24.7 53.8 31.0 61.4 5.5
4 .069 .040 47.7 27.5 59.6 34.4 68.4 39.5
k
i 078 .045 52.8 30.5 65.7 37.9 75.2 43.4
- .087 .050 58.0 33.5 71.2 41.1 82.2 47.5
! .095  .055 62.9 36.3 76.5 46.1 88.5 51.1
i .104 .060 67.6 39.0 81.7 47.2 94,8 54.7
i
f 113 .065 72.0 41.6 86.6 50.0 101.1 58.13
' 121 .070 76.3 44,0 90.9 52.4 106.9 61.7
; .130 .075 80.5 46.5 95 54.8 112.7 65.1
] .139 .080 84,3 48,7 8.7 57.0 117.5 67.8
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TABLE B-7-1

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO 70°F OF
ANB-3066/SD-851-2 PROPELLANT-LINER BOND

Spec. No.,: 7-121 7-124 7-133 7-120

2a', in. 0.8 1.2 1.2 1.6

R, in./min 0.0003 0.0003 0.0003 0.0002

AT/, °F/br 6.60 6.60 6.94 6.60
U,in £,1b/4n. T,°F f,1b/in. T,°F f,1b/4n. T,°F f,1b/4n. T,°F
0.005 1.33  123.2 2,06 123.2 1.446  123.1 3.85 124.2
0.010 3.88 121.3 3.99 121.3 2.52  121.1 5.05 122.3
0.015 5.95  119.5 6.12 119.5 .21  119.2 6.25 120.5
0.020 7.77  117.7 7.60 117.7 6.49 117.3 7.81  118.7
0.025 10,56 115.8 9.92 115.8 8.17 115.4 9.62 116.8
0.030 12.14  114.0 11.98 114.0 10.2 113.4 11.3 115.0
0.035 14.44  112.2 14.18  112.2 12.7 111.5 13.5 113.2
0.040 16.02 110.3 16.49 110.3 13.7 109.6 15.4 111.3
0.045 17.23  108.5 19.20 108.5 16.6 107.7 17.4 109.5
0.050 19.4 106.7 21.78  106.7 18.6 105.7 19.7 107.7
0.055 21.2 104.8 24.5 104.8 20.7 103.8 21.8 105.8
0.060 3.1 103.0 27.2 103.0 23.0 101.9 23.8 104.0
0.065 24.5 101.2 30.0 101.2 25.2 99.9 25.6 102.2
0.070 27.5 99.3 32.7 99.3 27.3 98.0 26.7 100.3
0.075 30.2 97.5 35.7 97.5 29.3 96.1 27.3 98.5
0.080 32.3 95.7 36.9 95.7 31.0 94.2 26.4 96.7
0.085 35.2 93.8 38.7 93.8 31.9 92.2
0.090 37.9 92.0 39.9 92.0 32.0 90.3
0.095 40.9 90.2 40.9 90.2 31.0 88.4
0.100 42.8 88.3 41.0 88.3

0
0

.105 43, 86.5




TABLE B-7-1 (Continued)

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO 70°F OF
ANB-3066/SD-851-2 PROPELLANT-~LINER BOND

S q-vqw;mwmrmvm.
P e — e = e St
a

f Spec. No.: 7-122 7-123 7-125 7-128
. 2a', in. 0.8_4 0.8_4 0.8_5 0.8_5
. R, in./min 9.38/10 9.38x10 9.09x10 9.09x10
2 T, °F/hr 20.0 20.68 2.0 2.0
{ U, tn. £,1b/n. I,°F £,1b/tn. T,°F £,1b/in. T,°P £,1b/in. TI,°F
b 0.005 2.45 123.2 2.52 123.2 -0.3 123.2 1.96  123.2
i 0.010 4.90 121.3 4.57 121.3 0.93  121.3 4.06  121.3
L 0.015 6.99 119.5 6.97  119.5 2.80 119.5 6.50 119.5
: 0.020 9,19 117.7 9.38  117.7 4.81 117.7 8.82 117.7
0.025 11.5  115.8 11.7 115.8 6.73  115.8 11.3 115.8
0.030 13.8  114.0 14.2 114.0 9.02  114.0 13.7 114.0
0.035 16,3  112.1 16.6 112.1 11.3 112.2 16.1 112.2
0.040 18.6  110.3 18.9 110.3 13.6 110.3 18.5 110.3
0.045 21.3  108.5 21.5 108.5 16.0 108.5 22.7 108.5
0.050 23.9  106.6 24.3 106.6 18.8 106.7 23.9 106.7
0.055 26.8  104.8 26.7 104.8 21.5 104.8 26.7 104.8
0.060 29.0  103.0 29.8 103.0 24.3 103.0 29.4 103.0
0.065 31.4  101.1 33.2 101.1 26.8 101.2 31.9 101.2
0.070 33.9 99.3 36.3 99.3 29.4 99.3 4.1 99.3
0.075 36.6 97.5 39.8 97.4 31.5 97.5 35.5 97.5
0.080 39.2 95.6 42.9 95.6 364.3 95.7 36.C 95.7
0.085 41.7 93.8 45.8 93.8 36.5 93.8 34.7 93.8
0.090 44.1 91.9 48.8 91.9 37.0 92.0
0.095 46.7 90.1 52.3 90.1 38.2 90.2.
0.100 49.0 88.3 54.6 88.3 37.2 88.3
0.105 50.9 86.4 57.7 86.4 !
0.110 52.7 84.6 60.6 84.6 :
0.115 53.7 82.7 62.4 82.7
0.120 53.4 80.9 63.6 80.9




TABLE B-7-2

SIMULTANEQUS COOL/STRAIN
TESTING FROM 125 TO 40°F OF
ANB-3066/SD-851-2 PROPELLANT-LINER BOND

Spec. No.: 7-105 7-106 7-98 7-108

2a', in. 0.4 0.8 0.8 1.2

R, in./min. 0.0003 0.0003 0.0003 0.0003

T, °F/hr 10.20 10.20 10.20 10.20
L, in. £,1b/4in. T,°F £,1b/4n. T,°F f.1b/in. T,°F £,1b/in. T,°F
0.005 -1.79  121.2 0.52 122.2 -1.0 121.2 1.82 120.2 :j
0.010 -1.79 118.3 1.82 119.3 0.75 118.3 4.17 117,37
0.015 0.0 115.5 3.13 116.5 3.0 115.5 6.77 114.5 ]
0.020 3.06  112.7 4.95 113.7 5.0 112.7 9.138 111.7
0.025 7.14 109.8 7.03 110.8 7.25 109.8 11.72 108.8 5
0.030 10.71  107.0 9,11 108.0 9.5 107.0 14.32 106.0 g
0.035 14.8 104.2 10.94 105.2 11.75 104.2 16.93 103.2
0.040 19.9 101.3 13,02 102.3 14.25 101.3 19.53 100.3
0.045 24,7 98.5 14.84 99.5 16.75 98.5 22.4 97.5
0.050 29.8 95.7 17.19 96.7 20.5 95.7 27.1 94,7
0.055 34.2 92.8 18.75 93.8 24.3 92.8 31.8 91.8
0.060 38.3 90.0 21.9 91.0 28.0 90.0 35.9 89.0
0.065 41,1 87.2 25.0 88.2 32.0 87.2 39.8 86.2
0.070 44.9 84.3 28.9 85.3 35.5 84.3 43,8 83.3
0.075 47.7 81.5 32.0 82.5 39,5 81.5 46.9 80.5
0.080 50.8 78.7 34.9 79.7 43.0 78.7 49,7 7.7
0.085 53.8 75.8 37.5 76.8 46.5 75.8 51.8 74.8 ,
0.090 57.9 73.0 39.1 74.0 50.0 73.0 53.4 72.0 '
0.095 62.5 70.2 38.3 71.2 52.5 70.2 54.2 69.2
0.100 66.3 67.3 54.5 67.3 54,9 66.3
0.105 70.9 64.5 55.5 64.5
0.11¢ 74.0 61.7 56.3 61.7
0.115 77.6 58.8
0.120 79.6 56.0
0.125 80.9 53.2
0.130 76.5 50.3

[
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TABLE B-7-2 (Continued)

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO 40°F OF
ANB-3066/SD-851-2 PROPELLANT-LINER BOND

O NI G ¥ Ea |

Spec. No.: 7-118 7-99 7-100 7-101

2a', 1n. 1.6 0.8_, 0.8_, 0.8 _,

R, in./min. 0.0003 1.25x10 1.25x10 1.25x10

T, °F/hr. 10.20 31.95 31.95 31.95
U,in. f,1b/in. T,°F £,1b/in. T,°F £,1b/in. T,°F f,1b/in. T,°F
0.005 1.52  122.2 2.81  121.9 3.32  122.8 3.28  123.9
0.010 4.06 119.3 5.10 119.7 5.87 120.7 5.81  121.7
0.015 6.82 116.5 7.40  117.6 8.16 118.6 8.21  119.6
0.020 9.34 113.7 9.18  115.5 10.20 116.5 10.35  117.5
0.025 11.87 110.8 11.48  113.4 12.50 114.4 12.88  115.4
0.030 14.90 108.0 13.78  111.2 14.5¢  112.2 15.15  113.2
0.035 17.93  105.2 16.07  108.1 16.58 110.1 17.93  111.1
0.040 21.2  102.3 18.11  107.0 18.49 108.0 20.5 109.0
0.045 24.0 99.5 26.4 104.8 20.9  105.8 23.2 106.8
0.050 27.0 96.7 22.8 102.7 23.0  103.7 25.8 106.7
0.055 29,5 93.8 25.3 100.6 25.5  101.6 28.5 102.6
0.060 32.1 91.0 28.1 98.4 27.8 99.4 31.3 100.4
0.065 3.6 88.2 0.6 6.3 30.1 97.3 33.8 98.3
0.070 36.4 £.3 33.4 94.2 32.7 95.2 36.6 96.2
0.075 37.6 82.5 36.5 92.1 35.2 93.1 39.6 9% .1
0.080 38.1 79.7 39.3 89.9 37.8 90.9 42.4 91.9
0.085 37.9 76.8 41.8 87.8 40.6 88.8 45.2 89.8
0.090 36.9 74.0 44.6 85.7 43.1 86.7 48.0 87.7
0.095 47.2 83.5 45.4 84.5 50.5 85.5
0.100 49.5 8.4 48.0 82.4 $3.0 83.4
0.105 51.8 79.3 50.0 80.3 $5.3 1.3
0.110 53.3 77.1 51.8 8.1 56.8 79.1
0.1:5 54.8 75.0 52.8 76.0
0.120 55.6 72.9 52.8 73.9
0.125 S4.4 70.8 51.5 71.8
0.130 55.1 68.6 48.5 69.6

1
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TABLE B-7-2 (Continued)

R . |
i
f
.

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO 40°F OF
ANB-2066/SD-851-2 PROPELLANT-LINER BOND

Spec. No. 7-130 7-131

2a', in. 0.8_¢ 0.8 ¢

R, in./min. 9.09x10 9.09x10

T, °F/hr. 3 3.09
U,in. £,1b/4n. T,°F f£,1b/4n. T,°F
0.005 0.25 122.3 -2.34 122.2
0.010 1.36  119.5 -0.35 119.3
0.015 3.09 116.7 1.75 116.5
0.020 5.07 114,0 2.34 113.7
0.025 7.18  111.2 3.97 110.9
0.030 9.41 108.5 5.02 108.0
0.035 11.76 105.7 7.01 105.2
0.040 14.11  103.0 8.29 102.4
0.045 16.83  100.2 1G.16 99.5
0.050 19.43 97.5 12.03 96.7
0.055 22.2 9.7 13.90 93.9
0.060 24.6 92.0 16.12 91.0
0.065 26.9 89.2 18.93 88.2
0.070 29.1 86.5 22.2 85.4
0.075 31.2 83.7 25.0 82.6
0.080 33.0 81.0 28.3 79.7
0.085 3.7 78.2 31.5 76.9
0.090 A 35.0 74,1
0.095 37.0 71.2
0.100 39.4 68.4
0.105 = § 42.1 65.6
0.110 S % 44,6 62.7
0.115 § 3 47.0 59,9
0.120 p 51.4 57.1

s @

0.125 . 54.9 54,3
0.130 , S6.1 51.4
0.135 . 60.2 48.6
0.140 61.9 45.8

Test Anomaly

B-40)
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TABLE B-7-3

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO 0°F OF
ANB-3066/SD-851-2 PROPELLANT-LINER BOND

R YT Il‘

Spec. No.: 7-104 7-97 7-96 7-98
2a', 1a. 0.4_, 1.6 0.8_, 0.8 ,
R, in./min. 4.29x10 0.0003 9.38x10 9.38x10
T, °F/hr. 15 15 41 47
U,1in. f,1b/in. T,°F £,1b/in. T,°F f£,lb/in. T,°F £,1b/in. T,°F
0.0005 2.55 122.1 2.30  120.8 1.77  119.4 2.50 117.8
0.010 5S.61 119.2 4.34 116.7 3.28  115.7 4.75 113.6
0.015 8.42 116.3 6.63 112.5 5.6  112.1 7.25 109.5
0.020 11.48  113.3 9.18 108.3 7.58  108.4 9.5 105.3
0.025 15.05 110.4 12.12 104.2 9.60 104.8 12.0 101.1
0.030 18.11 107.S 15.56 100.0 11.87 101.1 14.0 96.9
0.035 21.4 104.6 18.88 95.8 13.89  97.5
0.040 25.5  101.7 22.2 91.7 16.67 93.8 SBF SBF
0.045 28.8 98.8 25.5 87.5 19.44 90.2
0.050 32.9 95.9 28.1 83.3 22.2 86.5
0.055 37.0 92.9 30.9 79.2 25.0 82.9
0.060 40,8 9C.0 33.2 75.0 28.0 79.2
0.065 44.9 87.1 34.4 70.8 31.3 75.6
0.070 49.2 84.2 35.2 66.7 34.6 71.9
0.075 53.1 81.3 35.2 62.5 37.9 68.3
0.080 57.7 78.4 34,9 58.3 40.9 64.6
0.085 62.2 75.5 33.4 54.2 44 .4 61.0
0.090 67.3 72.6 47.5 57.3
0.095 72.2 69.6 Test Anomaly 50.0 53.7
0.100 77.6 66.7 52.8 50.0
0.105 82.1 63.8 55.0 46.4
0.110 86.00  60.9 56.3 42.7
0.115 90.3 58.0 57.3 39.1
0.120 92.6 55.1 56.06  35.4
0.125 9.6 52.2 SBF SBF
0.130 95.9 49,2
0.135 95.7 46.3
B-41
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TABLE B-7-3 (Continued)

SIMULTANEOUS COOL/STRAIN
TESTING FROM 125 TO O°F OF
ANB-3066/SD-851-2 PROPELLANT-LINER BOND

Spec. No.: 7-102 7-103
2a', in. 0.8 0.8 _,
] R, in./min. 6.25x10 6.25x10
3 T, °F/hr. 46.88 47
ﬁ U,in. £,1b/in. T,°F f,1b/in. TI,°F
3 0.005 3.5 118.8 3.09  117.7
& 0.010 6.0 112.5 6.19 111.5
0.015 9.5 106.3 9,02 105.2
0.020 12.5 100.0 12.37 98.9
0.025 15.5 93.8 15.72 92.7
0.030 19.0 87.5 19.07 86.4
i 0.035 22.5 81.3 23.2 80.1
' 0.040 26.5 75.0 27.3 73.9
0.045 30.0 68.8 31,7 67.6
0.050 34.0 62.5 36.1 61.3
0.055 38.5 56.3 41.0 55.1
0.060 42.5 50.0 46.1 48.8
0.065 47.3 43.8 51.0 42.5
0.070 52.0 7.5 55.9 36.3
0.075 57.5 31.3 62.4 30.0
0.080 62.5 25.0 68.6 23.7
0.085 68.5 18.8 74.5 17.5
0.090 74.5 12.5 81.4 11.2 ]
0.095 80.0 6.3 88.7 4.9 1
0.100 86.5 0.0 97.4 - 1.3 i
1
; 0.105 97.0 - 6.3 ]
3
3
; .
[V
‘
’
R~"12




TABLE. B-8

TESTS AT 77°F OF SPECIMENS DISSECTED FROM
MINUTEMAN III MOTOR

Spec, No.: 8-1 8.2 8-3 8-4 8-5
2a', in. 0.4 0.8 0.8 0.8 0.8
R, in./min 0.10 0.02 0.02 0.10 0.10
U, in, f,1b/1in. £,1b/1n. £,1b/1in, £,1b/1n. £,1b/in.
.005 8.2 6.8 6.5 8.5 7.5
.010 14,2 12,2 11.7 14.4 13.6
.015 19.0 17.3 16.2 20.4 1R,6
.020 26.5 22,1 20.7 26.1 23.9
.N25 33.2 27.2 25.2 31.3 29.0
.030 39.3 32,3 30.2 37.0 34,5
.035 46,2 37.3 35.0 42.4 39.8
.040 52.7 41.4 40.0 48.0 45.4
. 045 59.0 47.7 45.1 53.9 51.0
,050 65.7 52.5 50.1 5¢.8 56.4
.055 72.0 57.6 55.2 65.1 62.1
.060 78.7 62.5 60.5 70.7 67.6
.065 85.5 67.3 65.5 76.2 73.2
.070 91.5 72.3 70.2 81.6 78.4 7
.075 97.5 76.7 75.0 87.0 83.8
.080 100.0 81.3 79.5 91.6 88.6 :
.085 85.8 8.1 96.5 93.0 ]
.090 89.2 88,2 100.7 97.4 .
.095 92,6 92.1 100.4 101.2
.100 95.5 108.0
.105 98,5 ;
]
!
B=43 :
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|
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TABLE B-8 (Continued)

TESTS AT 77°F OF SPECIMENS DISSECTED FROM
MINUTEMAN IITI MOTOR

Spec. No.: 8-6 8-7 8-8 8~-9 8-10
2a', in. 0.8 0.8 1.2 1.2 1.6
R, in,/min 0.50 0.50 0.10 0.10 0.10
Uyin.  £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.  £,1b/in.
.005 9.8 9.2 7.0 7.1 6.8
010 17.0 16.1 12,3 12.6 1.9
,015 23.3 22.€ - 17.6 16.3
.020 29.6 28. 6 : 23.0 20.6
.025 36.6 35.0 26.8 27.9 24,8 .
.030 42.6 40.9 32.0 32.9 28.6 :
035 49.7 47.4 37.1 37.9 32.6
040 56.0 53.6 42.2 42.8 36.7
045 62.3 59,7 47.3 48.0 40.8
.050 69.1 66.4 2.2 53.0 44.8
.US55 75.5 2.6 57.5 57.9 48,7
.060 81.8 79.1 62.7 62.8 52.8
.065 88.3 85.0 67.6 67.3 56.8
.070 93,6 90.7 72.4 1.4 60.7
.07 97.4 97.1 76.7 75.4 Bk
. 080 102.4 81.3 78.5 67.8
.085 106.7 85.1 81.0 70.6
.090 111.3 88.2 83,3 73.5
.095 114.9 90.9 76.0
.100 117.7 93.1 78.3

.105 120.3




AT (R

- TABLE R-10-1

i
: TESTS AT 77°F OF SPECIMENS DISSECTED i}
¢ FROM POLARIS A-3 MOTOR ;
_ Spec. No.: 10-1 10-2 10-3 10-4 10-5 !
2a', {n. 0.4 0.8 0.8 0.8 0.8 :
R, in./min. 0.10 0.02 0.02 0.10 0.50
E U, in. £,1b/in.  £,1b/in.  £,1b/tn.  f,1b/in. £,1b/fn.
.005 2.5 2.2 2.2 2.7 2.6
.010 4.5 4.3 4.5 44 5.3
.015 7.0 6.1 6.6 6.3 7.8 ;
.020 9.2 7.6 8.4 7.9 10.4 :
.025 11.5 9.1 10.4 9.7 12.7 i
.030 13.7 11.2 12.2 11.0 15.2
,035 16.0 12.7 14.0 12.3 17.2
.040 18.5 14.7 16.0 13.7 19.4
045 20.2 16.3 17.5 14.9 21.7
.050 22.5 17.8 19.4 16.3 23.8
.055 24.7 19.6 21.1 17.5 26.0
.060 26.7 21.4 22.7 18.6 28.0
.065 29.0 22.9 2.4 20.1 30.0
.070 31.5 24.7 26.3 21.3 32.5
.075 33.2 26.5 28.0 22.7 34.6
.080 35.2 28.0 29.7 23.7 36.8
.085 37.2 30.1 31.4 24.9 38.8
.090 39.2 31.8 33.1 26.0 40.9
.095 41.2 33.1 3.6 27.2 43.1
.100 43.5 34.9 36.2 28.5 45.0
.105 44.7 36.7 6.6 29.5 47.0
.110 46.7 38.0 39.3 30.6 49.0
.115 48.5 39.5 40.7 31.8 50.9
.12 50. 2 41.0 42.2 32.7 52.8
125 52.2 42.6 43.7 34.0 54.7
.130 53.7 441 45.2 35.2 56.4
135 55.2 45.4 46.5 36.2 58,1
140 57.2 46.9 47.7 37.2 60.0
145 58.7 47.9 49.0 38.2 61.8
.150 60. 5 48.7 8.3 39.2 63.5
.155 62.0 62.0 51.3 30.5
.160 63.5 63.5 52.4 63.5
' 165 65.0 65.0 53.3 65.0
.170 54.2
175 5.8
180 55.1
B-49 ‘ ‘
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TABLE B-10-1 (Continued)

TESTS AT 77°F OF SPECIMENS DISSECTED
FROM POLARIS A-3 MOTOR

Spec. No.: 10-6 10-7 10-8 10-9

2a', i+ 0.8 1.2 1.2 1.6

R, in./min. 0.50 0.10 0.10 0.10
U,1n. £,1b/1n. f£,1b/in.  f,1b/in. £,1b/1n.

005 2.8 3.0 2.0 2.5

.010 5.5 5.2 4.0 4.6

.015 7.7 7.5 6.0 5.2

.020 10.1 9.6 7.8 8.0

.025 12.5 11.5 9.7 9.5

.030 14.9 13.4 11.5 11.0

.035 17.1 15.4 13.2 12,13

.040 19.6 17.2 15.0 14.0

.045 21.9 19.1 16.6 15.4

.050 24,2 20.9 18.5 17.0

.055 26.2 22.8 20.1 18.4

.060 28.8 24.5 21.7 19.8

.065 31.0 26.5 23.4 21.4

.070 33.3 28.5 25.0 22.7

.075 35.5 30.0 26.6 24.4

.080 37.7 32.0 28.5 25.7

.085 39.8 33.8 30.1 27.3

.C90 42.0 35.7 31.9 28.7

.095 454.3 37.6 331.3 30.2

.100 46.3 39.0 34.8 31.4

.105 48 .4 40.8 36.5 32.8

.110 50.4 42.3 38.0 34.1

.115 52.4 43.9 39.3 35.2

.120 54,5 45.5 41.0 36.5

.125 56.5 47.1 42.2 37.7

.130 58.3 48.5 43,5 38.8

.135 60.2 49.7 44,9 39.6

L1490 62.1 51.1 7Y, 30 Ln. 6

.145 £3.7 52.5 L7.4 41,2

.150 65.6 53.56 48.3 41.7

. .155 67.3 54.6 49,4 42,1

.160 63.5 55.5 50.4 S0.4

k-6




Spec. No.:
2s', in.
R, in./min

U,dn.

.003
.010
.018
.010

028
.030
.03
. 040

L0453
.0%0
.033
.060

.063
.070
.078
. 080

.085
.090
.09%
.100

.108
.110
118
120

128
130
138
140

. L1435
. .1%0
199
.160

-

.163%

. 170
‘ .1/8
.180

’ .189%

TESTS AT 0°

FROM

10-10
0.4
0.10

g,1b/10.

10.9
17.6
6.0
9.2

38,7
39.0
44.2

»
o
-

o~ W O?N r~rOo N
Pl . . . . e .
[Y RV N A YR NN FeX = N o

or goas
by Py .
[ -] ® O O \s

116.1
119.2

121.9
124.6
127.7
130.1

TABLE B-10-2

F OF SPECIMENS DISSECTED
POLARIS A-3 MOTOR

10-11
0.8
0.02

£,1b/4n.

A

10-12
0.8
0.02

g 1bfdn.

93.2

97.6
100.0
102.1
104.2

105.9

10-1)
0.8
0.10

g 1b/in.

P

8.3

18.1
18.1
25.2

29.4
3.0
37.%
41.6

463
41.3
50.2

10-1¢
0.8
0.50

t,1b/1n.

16,1
23.8
30.8
37.2

43.8
9.4
$8.0
60.2

64.1
69.4
74.1
78.3

82.%
86.6
90.8
94 .4

97.7
101.6
105.2
108.6

111.6
115.8
118.6
121.9

128.0
128.9
131.1
133.8

136.3
139.1
141.6
146.4

]
3
L



TABLE B-10-2 (Cont(nuad)

TESTS AT Q°F OF SPECIMENS DISSECTED
FROM POLARIS A-) MOTOR

Spec. No.: 10-15 10-16 10-17 10-18
: 28', fn. 0.8 1.2 1.2 1.6
E R, 1a./mtn. 0.0 0.10 0.10 0.10
3
EF . U, 4n. £,1b/4n.  £,2b/1n.  £,1b/tn. £,1b/4n.
.008 13.6 9.9 9.4 8.8
F .010 .7 15.3 15.4 16.6
. 018 29.2 20.6 1.1 19.6
.020 35.8 25,5 26.0 23.9
.028 41.3 30.6 30.3 1.7
.030 47.0 4.6 3.1 3.3
.038 $2.2 8.7 37.9 3.8
L0640 7.1 42.3 41.7 37.6
¢ 043 62.1 46.1 45.3 “0.6
€ .060 7.0 49,7 8.8 ¢3.6
; ,088 .8 $3.3 $1.5 6.7
: .060 76.2 $6.3 55.0 49.7
: .065 80.1 59.6 $8.3 $2.5
H .870 84.6 62.7 61.8 $5.0
.07$ 8.8 66.0 64.8 8.0
: .080 92.3 68.8 67.8 60.3
; 085 96.3 71.6 70.2 63.1
H .090 100.2 76.4 73.2 68.6
¢ .093 103.9 77.0 75.9 68.4
: .100 108.1 80.1 8.9 1.2
.108 110.8 82.6 81.3 73.2
. 110 114.3 85.7 84.0 78.7
: 118 117.% 88.7 86.8 78.2
120 121.2 91.3 89.5 80.8
- 125 123.7 93.6 91.9 83,3
.130 126.7 95.9 9.6 85.6
.135 130.6 98.9 97.1 87.1
.140 132.9 101.0 99.8 89.6
' L1458 136.3 103.8 101.7 91.9
‘ .150 138.8 108.8 106.4 94.1
: .188 1461.8 108.1 106.3 95.9
i .160 144.8 110.2 108.7 91.7 1
t .165 99.7 i
¥
: ;
k
13
] ]
13 4
: 1
g. 3
;
E : |
i E
I :
v 3
Yo 35
B-i19 ;

o m




.025

-040

3
t

.045
.050
.055
.060

T T

.065
.070
.075
.080

o w——r

.085
.090
095
.100

g v T

: .105
110

1 .120

.125
.130

.140

.145
.150
.155
.160

T W

.165
.170
.175
.180

o
-

.185
.190
L19%
.200

s L Rl I

REPEATABILITY TESTS OF ANB-3600/5D-923

PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC

PRESSURE (OPERATOR 1, BATCH 1)

11-1 11-2 11-3 11-4 11-5
0.4 0.8 0.8 0.8 0.8
0.10 0.02 0.02 0.10 0.50
£,1b/1n. £,1b/in. f,1b/1in f,1b/in. f£,1b/in.
4.6 2.5 2.0 3.5 2.8
7.7 4.3 3.7 5.8 6.4
10.3 6.2 5.0 8.6 9.0
12.8 8.1 7.3 11.4 12.3
15.4 10.1 8.8 14.0 14.9
18.0 12.2 10.6 16.5 18.0
21.3 14.5 12.3 19.6 20.6
24.7 16.7 14.1 22.4 23.1
28.0 19.1 l6.1 25.2 27.0
30.9 21.6 17.9 28.0 30.1
34.0 24.2 20.2 31.3 32.7
.1 26.9 22.7 3.4 36.0
41.4 29.6 25.2 37.7 39.6
45.1 32.4 27.7 40.8 43.2
48.7 35.4 30.3 44.6 46.9
51.5 38.6 32.8 47.9 50.5
56.1 41.6 35.3 51.2 54.1
59.5 44.8 37.8 54.8 57.9
63.4 48.0 40.4 58.4 61.8
67.2 51.2 43.4 61.7 65.7
71.3 54.4 46.4 65.5 69.5
74.7 57.7 49.2 68.8 73.7
78.8 61.0 53.0 72.4 77.3
82,7 64.2 55.5 76.0 81.4
86.5 67.7 58.8 79.3 85.0
90.2 71.2 61.8 82.9 §9.1
94.0 74.5 €5.1 86.7 93.5
95.3 77.9 68.1 89.7 97.4
102.0 81.1 70.9 93.1 101.2
105.6 84.4 4.4 96.4 105.4
109.5 88.0 78.2 99.4 109.5
115.7 91.2 81.3 102.8 112.8
117.7 a7.1 116.7
120.6 90.4 121.1
123.7 93.4 124.4
127.5 95.9 127.8
130.6 98.4
113.5 101.0
136.5 1n3.,5
139.1

B-49
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TABLF. B-11 (CONTINUED)

REPEATABILITY TESTS OF ANB-3600/sD-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC
PRESSURE (OPERATOR 1, BATCH 1)

Spec No.: 11-6 11-8 11-7 11-9
2a', in. 0.8 1.2 1.2 1.6
R, in./min 0.50 0.10 0.10 0.10
v,in. f,1b/in. f,1b/1in. f,1b/in. f,1b/1n,
.005 2.2 2.2 2.0 2.8
.010 5.0 4.0 4.5 5.1
.015 8.8 6.0 7.3 6.9
.020 11.3 7.5 9.8 9.0
.025 14.3 9.8 12.3 10.3
.030 17.4 11.1 14.8 12.6
.035 20.2 13.1 17.6 14.1
.040 23.2 15.1 20.2 16.4
.045 26.5 17.4 23,2 18.0
.050 29.5 19.4 26.5 20.6
.055 32.3 21.4 29.5 23.1
.060 35.3 24.2 32.5 25.5
.065 38.8 27.0 35.3 27.8
.070 41.6 29.5 38.8 29.8
.07S 45.2 32.0 42.4 32.2
.080 47.9 34.8 45,4 35.3
.085 52.0 37.6 48 .7 38.6
.090 55.5 40.4 52.5 40.7
.095 59.3 43,4 55.8 43.5
.100 63.8 46.7 59.3 46.3 .
.105 67.4 50.2 62.6 48.9
.110 71.7 53.0 65.6 52.3
.115 75.7 56.5 69,4 55.4
.120 79.2 60.3 73.2 57.9
.125 83.3 63.1 76.7 60.8
.130 87.1 66.9 80.0 64.1
.135 90.9 69.4 83.3 67.0
.140 95.2 72.9 86.6 70.0
.145 98.9 75.7 90.1 72.9
.150 102.7 78.5 93.4 76.2
.155 10¢6.8 81.5 96.2 79.3
.160 110.8 84.0 99.4 82.4
.164 114.3 85.3
.170 117.6 88.4
175 121.2 91.2
L 180 124.4 94..10)
)
L1E5 96, :

L1 ar .7
L1 11,0

viar

%5 o ot YA i AR 3555 B N R A R S B o 0 S, LB TENG TIITIR T S e i




BT Iy GRS s D TR LT T e et .“FT

LR A1 . L

R 4 2SS B AR T T e T R A 3 A

REPEATABILITY TESTS OF ANB-3600/SD-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC

Spec. No.:
2s', 1n.
R, tn./ain

Uyin.

.008
.010
.015
.020

.02%
.030
.035
060

L0485
.030
083
.060

.063
.070
078
.080Q

.08%
.090
.098
.100

.108
.110
.118
.120

L1128
.130
.138
.140

.145
.1%0
135
.160

L1658
.170
178
.180

.185%
190
.195
.200

.20%
.210
.215
.220

TABLE B-12

PRESSURE (OPERATOR 1, BATCH 2)

12-1
0.4
0.10

£,1%/1a.

12-2
0.8
0.02

£,18/4n.

L.
3.
4.
5.

[l RV ]

B-51

12-]
0.8
0.02
{,1b/14n.
1.9

o B
o W

124
0.e
0.10

£,1%/4n.

1.9

~
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" ¥ .
O
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O 0
v w

98.0

100.4
102.4
104 .4

f,l1b/1in.




TABLE B-12 (CONTINUED)

REPEATABILITY TESTS OF ANB-3600/5D-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC
PRESSURE (OPERATOR 1, BATCH 2)

Spec. No.: 12-6 12-7 12-8 12-9 12-10
2a’, tn. 0.8 0.8 1.2 1.2 1.6
R, in./min 0.%0 0.30 0.10 0.10 0.10
U dn. £,1b/¢n.  f.1b/4n.  £,1b/tn.  f,1b/ta. £, 1b/tn.
.008 4.3 4.3 2.0 2.2 2.0
.010 11 6.9 3. 6.2 3.7
.015 9.4 9.8 5.0 6.0 s.3
.020 1.7 12.1 1.0 1.8 6.9
.028 8.3 14.6 8.3 8.8 8.2
.030 16.3 16.4 10.1 10.3 9.7
.035 18.6 19.0 11.8 12.3 11.2
.040 20.9 21.3 13.6 13.8 12.7
.048 237 23.4 15.1 15.4 14.3
.050 26.5 26.0 16.9 17.4 15.9
.035 29.3 28.3 18.6 18.9 17.8
.060 32.3 1n.1 20.2 20.9 19.5
.06$ 38.2 3.7 22.7 22.7 21.4
.070 37.7 36.% 28.2 2.2 23.4
075 0.8 39.4 27.2 27.8 25.8
.080 “.8 2.5 9.2 29.5 27.7
.08 47.1 45.8 n.s 31.8 29.8
.090 0.8 8.9 3.0 33.8 32.3
.095 $3.8 2.0 36.6 36.3 3.6
.100 s7.1 8.1 39.1 8.8 3.1
.108 60.7 $8.2 41.6 41.1 39.5
.110 64.2 61.8 44,6 43.6 4.9
.118 67.8 64.6 47.4 46.2 64.3
.120 1.9 66.2 50.0 48.4 6.8
125 7.8 1.6 $2.7 1.2 48.9
.130 79.9 74,7 55.0 $3.7 51.5
.133 83.1 78.0 $7.8 $6.3 8.0
.140 86.7 81.1 60.6 $8.8 $6.2
.145 90.0 8.7 62.8 61.3 8.1
.130 93,8 87.6 65.1 3.8 60.4
.153 9.6 90.2 67.1 6.4 62.1
.160 101.8 93.8 68.9 8.9 64.1
.165 104.5 96.3 1n.12 1.4
: .170 107.1 99.2 73.2 73.9
i 178 110.9 102.9 76.0
: .180 113.5 104.1 78.5
.185 80.8
.190 83.3
1
t
t
B-50
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TABLE B-21

REPEATABILITY TESTS OF ANB-3600/SD-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC -

s LI N

PRESSURE (OPERATOR 2, BATCH 1)
Spec. No.: 21-11 21-12 21-13 21-14 21-18% i
', ta. 0.4 0.8 0.8 0.8 0.8 ¢
&, in./min 0.10 0.02 0.02 0.10 0.10
U,in. £1b/tn.  f,0b/tn.  £1b/fn.  £1b/in. £1b/dn.
.008 2.8 1.0 1.4 2,8 2.8
.010 5.0 3.0 3.6 5.0 5.1
.018 7.2 5.1 4.9 7.3 7.6
.020 9.2 6.3 6.6 10.0 10.2
.028 1.5 8.1 8.1 12.5 12.7
.030 13.7 10.2 9.9 15.0 15.3
.038 16.9 11.9 11.3 17.2 17.8
.060 18.2 13. 13.1 20.0 20.6
045 20.3 15.8 14.6 22.5 23.4
.0%0 22.7 17.3 16,3 23.0 26.%
.08S 25.0 19.1 18.3 8.5 29.3
.060 27.8 20.9 19.8 3.2 32.3
.08 30.0 22.9 2.2 3.5 38.2
.070 32.5 28.0 24,5 37,2 38.0
L0758 3s.2 21.2 26.7 40.2 40.8
.080 38.0 28.8 26.9 43.7 43.6
.088 40.7 1.1 0.9 47,0 46.4
.050 43.8 33.1 33,4 $0.0 9.7
.098 47.2 8.7 .8 83,9 52.8
,100 0.3 8.0 8.3 6.7 $5.6 i
i
.108 LT} 40.8 40.8 60.0 8.6 :
.110 7.3 £3.1 4.0 63.3 61.9 ]
118 61.0 £5.6 46,3 67.2 65.0 {
.120 4.5 7.4 49,5 70.0 67.8 :
128 6.2 50.0 51.7 73.7 70.6 !
.130 72.0 $2.8 .4 76.7 73.4 !
.13s 75.0 8.6 $6.9 80.0 76.2 :
.160 79.0 $8.4 $9.4 83.5 8.8 i
.168 82.3 60.9 61.8 36.7 81.6 i 2
.10 86.2 63.3 64.3 90.0 83.9 : 3
188 90.0 66.3 67.0 92.5 86.4 !
.160 94.0 68.8 69.8 $8.7 88.0
168 97.5 71.4 2.5 98.7
170 101.2 73,7 78.2 10,7 .
‘ 178 105.0 76.2 77.9 1065 !
. .180 109.0 79.0 79.9
.188 112.7 81.6 81.6
.190 116.7 8.1 4.1 ,
.198 120.0 86.4 86.6 1
.200 122.3 89.1 i
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REPEATABILITY TESTS OF ANB-
PROPELLANT-LINER BOND AT 77°F AND
PRESSURE (OPRRATOR 2, BATCH 1)

Spec. No.:

2a', in.

R, {n./min

U, in.

—hee

.005
.010
013
.020

023
.030
.033
040

043
.03%
.0s3
.060

L0635
010
.07%
.c80

.083
.090
.095
.100

.10%
.110
113
.120

.128
.130
.13

140

.148
.150
(133
.160

165
170
175
.180

.1a8
.199
.19%

TABLE B-21 (CONTINUED)

21-16
0.8
7.0

£,1b/1n.

4s.C

&7.2
9.7
$2.2
55.0

$7.2
60.0
63.1
65.%

68.1

21-17
0.8
0.20

[RULE

47.1

85.9

38.%
61.8
64.8
67.9

10.5
73.6
17.0
80.0

83.3
86.5
89.5
92.9

95.3
99.4

BT

21-18
1.2
0.10

£,1b/4n.

AR W N
O W

—
w QY
oW O

3600/5D~923
ATMOSPHERLC

21-19
1.2
0.10

g,1b/in.

o~ AN
>0 0w

——
whO
Y- o

[SE PN SN ol
- ®
[SRV- SR -

217
3.3
32.8
34,8

37.86
40.4
“2.9
45.4

47.9
50.7
$3.9
56,3

$9.3
62.1
68.4
68.1

0.7
74.2
16.7
79.2

81.8
846.)
86.8
8.6

%0.9
97.1%
96 . €

21-20

0.10

£,id/dn.

[ X RV )
wmNOo N

I el o~
Pwr O

4.8
69.9
81.7
$3.9

55.7
$7.5
39.7

o OO
\JQ‘\J“.)
;.saom

"

"




TABLE B-22

REPEATABILITY TESTS OF ANB-3600/SD-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC
PRESSURE (OPERATOR 2, BATCH 2)

Spac. No.: 22-11 22.12 22413 22-14 22.18
2a', tn. 0.4 0.8 0.8 0.8 0.8
R, in./ntn Q.10 0.02 0.02 0.10 0.3%0
- Uy tn. £,1b/4n. £1b/tn.  £1bfta.  £1b/1n.  £,1b/1n.
' .008 2.3 1.0 1.4 2.3 2.3 ]
.010 6.8 2.8 2.6 5.0 4.8
.01 7.0 37 4.3 6.3 6.3
& .020 9.1 3.0 $.3 5.0 7.9
§
E .02 10.9 7.3 7.0 10.1 10.2
£ .030 13.0 8.3 8.0 1.3 1.7
i ,038 14.6 10.1 9.4 13.1 13.8
_E- .040 16.3 12.1 10.6 15.1 18.3
H L043 18.4 13.3 22.1 16.4 17.0
. 080 20.4 15.1 13.3 18.1 18.6
: .08 22.1 7 14.8 20.2 20.4
£ .060 2.2 18.9 16.8 21.9 22.9
. ,068 26.1 20.7 18.2 23.7 26.2
; ,070 20.3 22.7 19.4 28.5 26.2
i ,078 30.6 25.0 23.3 21.7 26.0 ,
: ,080 32.6 26.7 25.2 30.3 30.3
3 .088 3.6 29.0 26.9 32.3 32.3
; .090 36,7 3.8 29.1 3.0 34,4
' .09¢ 3%.0 %.0 3.0 3.6 3.7
: .100 41.3 36.3 33.4 9.1 38. :
.108 4.8 8.1 38.1 4.6 40.8
.110 46.4 40.4 .1 a.1 4.3
. 125 48,7 82.9 8.3 66,4 4.9
'; .120 s1.2 484 8.2 48,7 4.9
L 138 53.8 47.9 4.4 $1.2 0.7
. .130 36.3 50.2 6.9 3.7 52.8
¢ 138 38.9 $2.7 7.3 6.3 35.1
.160 61.8 $5.0 . 49.2 9.3 $1.3
L 148 6.9 6.8 s1.4 61.8 9.9
! .150 6.3 9.0 $3.3 6.3 62.3
5 .188 70.1 61.3 5.8 66.9 63.0
. L1608 7.9 .1 s7.5 69.9 67.6
.15 18.7 5.1 $9.2 2.4 70.1
.170 8.8 6.9 60.6 75,0 13.4
- 178 81.6 69.4 62.8 71,5 76.2
k- .180 8.8 64.) 79.% 9.0
) .183 87.7 80.8 81.6
: 2190 0.8 31.1 84.1
3 .195 93.6 85.8 86.7
g .200 96.9 871.1 89.2
: .208 99.8 91.8
; P 102.8 9.3
’ L2115 10%.4 96.6
, .220 108.4 98.9
'
B- 55

-
W
’




TABLE B-22 (CONTINUED)

REPEATABILITY TESTS OF ANB-3600/5D-923
PROPELLANT-LINER BOND AT 77°F AND ATMOSPHERIC
PRESSURE (OPERATOR 2, BATCH 2)

3
:
3
i
-

f Spec. No.: 22-16 22-17 22-18 22-19 22-20
= ', in. 0.8 0.8 1.2 1.2 1.
3 R. in./atn 0.%0 0.30 0.10 £.10 0.10
1
E U,in. £,1b/1a. £,1b/in.  £,1b/in.  £,1b/1n.  £,1b/1n.
4 .008 3.3 2.8 2.0 1.9 2.4
: .010 6.3 5.5 3.8 3.8 4.2
f 013 11.4 8.3 5.1 .3 $.9
: .020 11.2 10.8 6.7 7.0 7.3
.028 13.7 13.2 1.9 8.4 8.8
.030 15.8 15.4 9.3 10.2 1C.4
.038 17.8 17.4 10.8 11.9 11.9
.040 19.6 19.6 12.2 13.8 13.%
.04 22.1 22.0 13.6 15.0 16.9
.0%0 26.7 2.7 15.4 16.8 16.5
.08 26.3 27.0 17.7 18.4 18.2
.060 29.0 9.3 19.5 19.8 19.8
.065 3.3 32.0 21.9 21.9 21.6
.070 33.9 34.7 23.9 23.7 3.3
015 3.7 7.6 26.0 25.% 25.3
.080 39.2 40.4 28.0 7.6 273
.085 41.8 43.1 30.1 9.5 29.3
.090 4.6 45.2 .9 31.3 31.3
.095 47,1 4e.9 3%.2 11.4 NI
.100 49.7 $2.0 5.3 8.7 35.3
.105 $2.5 5.7 8.6 37,6 37.4
110 $35.6 $7.5 40.5 9.3 39.6
.115 $8.6 61.1 a2.7 41.8 41.8
.120 61.8 6.1 45,1 4.1 43.9 1
128 6%.0 67.1 67.4 6.4 46.0 1
130 6.8 70.4 49.7 F- “1.9 ;
.138 0.7 3.6 51.8 0.7 49.9
.140 73.9 6.7 se.1 $3.3 51.8
L1145 77.1 9.7 56.1 $5.6 33.7 i
.1%0 80.3 82.8 38.2 $7.9 5%.4
153 3.4 83.8 60.1 60.2 56.8
.160 86.9 88.3 62.6 61.9 8.3 i
. .i65 50.5 51.7 ¢L.s 5.8 1
170 91.3 94,4 66.2 51.%5
: 178 9c.6 97.4 67.9 69.5
% .180 99.7 100.3 69.8 .6
_ .185 103.0 3.7 i
.190 100.1 5.3 )
.18% 108.93 T2
229 112.5 LI
’
.275 115.2 50,7
2215 1181 32.1 i
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APFENDIX C .
THERMAL ANALYSIS OF
THE SCARF-JOINT SPECIMEN
IN SIMULTANEOUS COOLING
AND STRAINING

'
1




R

1. Analysigs of the Heat Tranafer in the Scarf-Joint Specimen
with Decaying Temperature Boundary Conditions

The thermal properties of ANB-3066 propellant were taken
from the linterature. Corroborative tests of the thermal diffusivity were
performed between 70°F and 7°F. As a result the following thermal properties

values were used:

a. Density: 110.59 lbm/fc3
b. Specific Heat: 0.279 BTU/1lbm/°F
c¢. Thermal diffusivity: 0.00778 ftZ/hr

Computer simulations to determine the thermal gradients of

scarf-joint specimens nominally 1 x 2 x 4~in. in size, subjected to various

4
>
¢

14
*

rates of cooling, used the properties listed above. Separate tests of the

o

unstead state thermal behavior of the scarf-joint speciunen were made in a i
convective conditioning chamber, to ascertain an appropriate test system was

like that to be used in the simultaneous straining - cooling tests. A value

of 7.0 BTU/fc2/°F wag obtained for this parameter. It turns out thet this

e wvany e

parameter can vary widely without affecting the thermal gradients in the

spec imens.

i 2, Computer Simulation
3
g A finite-difference heat transfer sclution was utilized,
E and impletmented to determine the thermal gradients through the thinnest
E section of the scarf-joint, with a linear temperature-decey boundary condition.
1 These simulations show that after an initisl unsteady state
- period, during which the temperature profiles are changing, an unchanging
t gradient {s estabvlished that decays at the rate of the boundary changes.
% Further study has shown that this {s in agreement with analvtic solutions
. for this type of heat transfer.]

1. Carslaw H.S., Jarger, J.C., "Conduction of Heat in Solids" 1959 Clarcndon Press.




The temperature profile is the computed temperature variation
between points in the gpecimen immediately beneath the surface, on a line
perpendicular to the smallest dimension, separated by the grid spacing employed
in the finite-difference program. (1/51 inches for all results discussed)

Somewhat surprisingly, the maximum variation in the temperature

profile (from the point nearest the specimen surfac~ to the center point)

was found to be linearly related tu the rate of bcundary temperature decay.

Figure C-1 shows this relationship. Figure C-2 is a portion of the simulation

printout showing parameter values utilized and the change of profile with time.

T T M S

These data were utilized to provide the test matrix of straining
and cooling rates to be used in the simultaneous cooling straining tests

in the program. This is shown in Table C-1. It should be noted that

e g T

47°F/hr was arbitrarily chosen as the fastest cooling rate to limit profile

difference values to a maximum of 5°F.
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